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ABSTRACT 
 Smolting is an important time in the life  of anadromous salmon  when juveniles 
undergo changes that  prepare them for life in the  ocean.  Widely  distributed salmon 
populations have evolved based on the selective pressures of their local environments. I 
examined  population  diferences in the  development,  duration (smolt  window) and loss 
of seawater tolerance, how temperature influenced development among populations, and 
temperature preference throughout smolting in coho salmon (Oncorhynchus kisutch). For 
my first  objective, I compared smolt  development among three  populations in  British 
Columbia, Canada that each had diferent migration distances to the ocean. In year one, 
fish appeared to undergo an incomplete smoltification based on the biochemical marker 
Na+/K+-ATPase (NKA).  Additionaly,  molecular  markers (mRNA expression  of  gil 
NKA α1a,  NKA α1b, as  wel as  growth  hormone (GHR),  prolactin (PrlR) and 
glucocorticoid (GR1) receptors) suggest that fish also  did fuly  develop  physiological 
changes associated  with smolting. In  year two, the smolt  window (approximately  300 
accumulated thermal  units – ATU)  did  not  difer  by  population as evident  by elevated 
NKA activity.  Molecular  markers (gil  NKA α1a,  NKA α1b,  GHR, and  PrlR) for 
smolting also did not show a population diference – indicating that distinct populations 
do not difer in their development, duration, or loss of seawater tolerance. For my second 
objective, I examined temperature  preference in short- and long-distance  migrating 
populations  of coho salmon juveniles.  Mean temperature  preference  did  not  difer 
between the two  populations (15.9 °C and  16.1 °C) and  did  not change throughout 
smolting.  Based  on the  observed temperature  preferences, smolts  do  not  prefer 
temperatures that are advantageous for  prolonging the smolt  window.  Additionaly, the 
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disparity between temperature preference and what is likely available in the environment 
at the time  of smolting  demonstrates that temperature is  not a selective  pressure for 
juveniles to behaviouraly regulate the development of seawater tolerance. 
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PROLOGUE 
Anadromous salmon are excelent model organisms for studying local adaption as 
they form  distinct  populations that  occupy  diverse freshwater environments (Taylor 
1991). Adult salmon have remarkable homing ability – predominantly returning from the 
ocean to the same freshwater streams in  which they  were  hatched (Quinn  2005).  High 
spawning-site fidelity has alowed salmon to form distinct populations that have adapted 
to the specific selective pressures of their local environments (Ditman & Quinn 1996). 
Evidence  of local adaptation in salmon  has  been  documented across a  variety  of traits, 
including genetic, physiological and behavioural, as wel as across a variety of life stages 
(see Taylor 1991). There is evidence of adaptive variability in smolting among salmonids 
and  gaining further  understanding  of this  variation is insightful for conservation and 
management (Stefansson et al. 2003). 
Coho salmon are naturaly distributed throughout the North Pacific Ocean and are 
predominantly found north of Japan to Kamchatka, across the Bering Sea to Alaska and 
south to California. Coho are most abundant throughout the central portion of their range 
in the  Pacific and are  much  more rare to the  northern and southern  boundaries 
(Sandercock  1991).  Anadromous salmon  occupy  highly  diverse environments and 
experience a  broad range  of environmental conditions as a result  of their extensive 
distribution (Groot  &  Margolis  1991;  Quinn  2005).  Within  British  Columbia, coho are 
widespread and  have  been found to spawn in approximately 970 freshwater streams. 
Coho are found in coastal streams as  wel as interior streams that require  much longer 
migration  distances and potentialy extended migratory  periods.  Adults spawn in fal 
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through  winter after  which eggs incubate in redds.  After  hatching, juveniles typicaly 
spend one winter in freshwater streams prior to undergoing the par-smolt transformation 
and migrating to the ocean (Sandercock 1991). 
The transformation from  par to smolt is a critical stage in the life  history  of 
anadromous salmon. While in freshwater, juveniles undergo preparatory changes in their 
morphology,  behaviour and  physiology that are  pre-adaptations for life in seawater 
(McCormick & Saunders 1987; Hoar 1988). Morphological changes typicaly include a 
decreasing mass to length ratio (lower condition factor; K), loss of par marks, increased 
silver body colouration and blackening of the fin margins. Behavioural changes that are 
known to occur include a loss of teritoriality, an increase in schooling behaviour, active 
downstream  migration and transition to a more  pelagic existence in the  water column. 
Physiological changes associated  with smolting include altered endocrine  profiles for a 
suite  of  hormones (cortisol,  growth  hormone,  prolactin, and the thyroid  hormones), 
biochemical and  metabolic changes, and an increase in hypo-osmoregulatory ability so 
that the fish can tolerate seawater (Hoar  1988).  The  developmental changes associated 
with smolting are al important for increasing seawater tolerance and survival during this 
critical time in the life of a juvenile salmon. 
The  major environmental factors that influence smolting in salmon are 
photoperiod and water temperature. An increasing photoperiod in late winter and spring 
is the  primary environmental factor that stimulates the  onset  of the changes associated 
with smolting (Saunders et al.  1989;  Duston  &  Saunders  1990).  Water temperature 
moderates the rate of development of seawater tolerance based on the stimulatory cue of 
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photoperiod.  Seawater tolerance is slightly advanced  with elevated  water temperatures, 
whereas the development of tolerance is delayed with cooler temperatures (McCormick 
et al. 1997). The duration of time that seawater preparedness remains high is known as 
the ‘smolt  window’ (McCormick  2013).  Smolts  maintained in freshwater  beyond the 
smolt window experience desmoltification or par-reversion (Hoar 1988), indicating that 
the smolt  window is transient (Shrimpton et al.  2000).  Water temperature also  has an 
efect on the duration of the smolt window and loss of seawater tolerance. Elevated water 
temperature accelerates the loss of seawater tolerance during desmoltification (Zaugg & 
McLain 1976; Duston et al. 1991; McCormick et al. 1997). 
Chloride cels in the  gil are  primary sites for ionoregulation.  One  of the  most 
important ionoregulatory enzymes in the chloride cel  membrane is  Na+/K+-ATPase 
(NKA) (McCormick 1995). NKA is involved in regulating movements of ions across the 
gil epithelia (Evans et al. 2005). NKA activity increases during smolting in salmon and 
becomes significantly elevated beyond those maintained in freshwater relative to earlier 
life stages (Zaugg  &  McLain  1970).  NKA is corelated  with increased hypo-
osmoregulatory ability and is an important marker of seawater  preparedness for smolts 
(McCormick  2013). Long-term  growth and performance of  Atlantic salmon smolts in 
seawater,  however,  may  not  necessarily  be  predicted  by  NKA activity  during smolting 
(Zydlewski &  Zydlewski  2012). Additionaly, reciprocal expression  of  mRNA signals 
and abundance for two  NKA isoforms occur during smolting in  Atlantic (Salmo salar) 
salmon and are evidence of their roles in osmoregulation (Nilsen et al. 2007; McCormick 
et al. 2013). The seawater NKA α1b isoform is reported to have increased transcription 
and abundance in the gil during smolting, suggesting that this isoform has a prominent 
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role in hypo-osmoregulatory ability  or seawater tolerance. Transcription and abundance 
of the freshwater NKA α1a isoform is reduced in the gil, suggesting that this isoform has 
a greater role in maintaining hyper-osmoregulatory ability in freshwater. 
Growth hormone and cortisol are two hormones involved in developing seawater 
tolerance in smolting salmonids. Growth hormone is produced by the pituitary gland and 
cortisol is  produced  by interenal tissue (McCormick  2011).  Growth  hormone and 
cortisol increase during smolting and coincide with periods of high hypo-osmoregulatory 
ability in coho salmon (Young et al. 1989; Shrimpton et al. 1994a). Synergistic treatment 
efects  of  both  hormones increase hypo-osmoregulatory ability (Björnsson et al.  1987; 
Madsen  1990; Shrimpton et al.  1995; McCormick  1996). Increased  gil sensitivity to 
cortisol  during smolting (McCormick et al.  1991) is likely  due to increased cortisol 
receptor concentration (Shrimpton et al. 2000). 
Prolactin  has an important influence  on ionoregulation,  osmoregulation and 
reproduction in fish (McCormick 2011). Prolactin is secreted by the pituitary gland and 
prolactin receptors occur in  high abundance in  major  osmoregulatory tissues including 
the gil (Manzon 2002). In freshwater, prolactin mediates hyper-osmoregulatory function 
by  promoting  Na+ and  Cl- conservation and reducing  water  uptake (Manzon  2002). In 
juvenile coho salmon,  direct transfer to seawater resulted in reduced  plasma  prolactin 
concentration, whereas seawater-acclimated juveniles transfered  back to freshwater 
resulted in elevated  plasma  prolactin (Avela et al.  1990). In  Atlantic salmon smolts, 
plasma  prolactin levels  decreased  while  NKA activity and hypo-osmoregulatory ability 
increased during smolting (Prunet et al. 1989). Growth hormone and prolactin injections 
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had antagonistic efects  on seawater adaptation in two salmonids: growth  hormone 
produced superior hypo-osmoregulatory ability and  prolactin reduced hypo-
osmoregulatory ability (Madsen  &  Bern  1992).  This evidence supports the role  of 
prolactin as a freshwater-adapting hormone. 
The  opportunity to transition from freshwater to the  ocean  heavily relies  upon 
juveniles  being able to coordinate their  ocean-entry  during the smolt  window.  Poor-
quality smolts  with low seawater tolerance, such as those that are  developmentaly 
outside  of the smolt  window,  have compromised ionoregulatory and  osmoregulatory 
function that can reduce swimming performance and increase susceptibility to predation 
(Brauner et al. 1992; Brauner et al. 1994; Handeland et al. 1996). Consequently, natural 
and anthropogenic-induced  mortality  during  ocean-entry can  be  high and juvenile 
survival  during transition to the  ocean  ultimately  dictates adult spawner abundance in 
subsequent years (Thorstad et al. 2012). 
Predictions of future climate-change scenarios for freshwater conditions, such as 
increased  water temperatures, are likely to adversely influence smolt  development and 
migration timing (Crozier et al.  2008),  which  may  ultimately afect smolt survival 
(Thorstad et al.  2012). The ability for salmon  populations to adapt to changing 
environmental conditions wil difer throughout their natural range (Spence & Hal 2010). 
Fraser et al. (2011) suggested that  more studies should  be conducted to examine the 
extent and scale  of local adaptation across  geographic  or environmental  gradients in 
salmonids. Characterizing potential population-specific diferences in the smolt window 
as wel as whether juveniles exhibit temperature preferences during smolting wil aid in 
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characterizing adaptive  variability in salmon.  Gaining an  understanding  of  population-
specific  variability in  various life  history characteristics  wil  help inform  management 
decisions for conservation and rehabilitation eforts (Stefansson et al.  2003). 
Understanding specific diferences in adaptive strategies also  wil  be important for 
understanding  how  distinct  populations  of salmon  may respond to climate change 
(Spence  &  Hal  2010). For example, fisheries  managers  may tailor  management 
strategies to specific populations to enhance conservation eforts with respect to changing 
environmental conditions. 
My thesis aimed to elucidate  whether  distinct  populations  of coho salmon  with 
diferent  migration  distances to the  ocean  difer in their  development  of seawater 
tolerance and  how temperature influences  development among  populations. I also 
examined temperature-preference  behaviour throughout smolting, if temperature 
preference  difered between  populations, and  whether this  behaviour was advantageous 
for the development of seawater tolerance in smolts. 
  
14 
 
CHAPTER ONE – SMOLT DEVELOPMENT IN THREE POPULATIONS OF COHO 
SALMON (ONCORHYNCHUS KISUTCH) AND THE INFLUENCE OF WATER 
TEMPERATURE 
ABSTRACT 
 Three  distinct  populations  of coho salmon (Chehalis,  Deadman, and  Salmon 
Rivers) in  British  Columbia,  Canada with  variable freshwater  migration  distances 
(approximately 100, 450, and 650 km, respectively) to the ocean were studied to assess 
the development, duration and loss of seawater tolerance among populations. Fish from 
each population were reared at three temperatures under a simulated natural photoperiod; 
al fish  were held at  6 °C  until the  beginning  of  May and then temperatures  were 
increased to  8 °C (cold),  12 °C (mid), and  16 °C (warm). Biochemical and  molecular 
indicators  of smolting  were  used to  monitor smolt  development. Al  populations had 
elevated  Na+/K+-ATPase activity (NKA) shortly after the  onset  of the experiment. 
Though fish appeared to smolt  based  on  physical appearance, condition factor (K) 
remained stable  or increased.  Biochemical changes indicated that each  population 
underwent an incomplete smoltification as  NKA activity  was  greater than  values 
expected for par, but lower than values expected for competent smolts. Gil mRNA for 
NKA isoforms α1a and α1b, as  wel as  gil receptors for  growth  hormone (GHR), 
prolactin (PrlR) and cortisol (GR1), also showed litle change associated with smolting. 
Fish in  my study were transported from their  hatcheries  of  origin at a time  when they 
were likely already sensitive to environmental changes. Smolt-related changes in fish 
were likely stimulated at the  onset  of the study by an abrupt increase in temperature. 
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Rearing at constant low temperature after fish transfer compromised smolt development 
thereafter. Stress also may have played a role in partial smolting. Lack of smolt-related 
changes in  physical,  biochemical, and  molecular indicators indicates an incomplete 
smoltification. 
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INTRODUCTION 
 The  par-smolt transformation is a critical time  during the life  of anadromous 
salmon. Smolting  occurs  when juveniles  migrate from their  natal freshwater  habitats to 
the marine environment to take advantage of increased growth opportunities (Hoar 1988). 
Upon transition from freshwater to the ocean juveniles are met with great physiological 
constraints, as fish must reverse osmoregulatory and ionoregulatory mechanisms due to 
the increase in salinity. To accommodate this change in the environment, juvenile salmon 
undergo physiological, behavioural and physical changes that pre-adapt them for life in 
the  ocean (McCormick  &  Saunders  1987).  One  of the  most important changes is the 
development of seawater tolerance. Fish must develop seawater tolerance before entering 
the ocean and those that are il-prepared are known to sufer from increased mortality and 
decreased performance (Brauner et al. 1992; Brauner et al. 1994; Handeland et al. 2006).  
 Smolting in  yearling salmon is  under strong environmental influence.  An 
increasing  daylength,  or  photoperiod, in late  winter through spring is the  primary 
environmental factor that times the onset of changes associated with smolting (Saunders 
et al. 1989; Duston & Saunders 1990). After receiving the appropriate photoperiod cue, 
water temperature acts secondarily as a rate-moderating influence on the development of 
seawater tolerance (McCormick et al. 1997). Elevated seawater tolerance is also known 
to be transient (Shrimpton et al. 2000) and juveniles that remain in fresh water experience 
a loss  of seawater tolerance,  known as  desmolting  or  par-reversion (Hoar  1988).  The 
time that seawater tolerance remains elevated is  known as the ‘smolt  window’ 
(McCormick  2013).  This critical  window  of  opportunity is  when juveniles are  best 
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prepared to survive transition from fresh to seawater. It also  has  been established that 
water temperature influences the length  of the ‘smolt  window’ – elevated  water 
temperatures shortening its duration (Duston et al. 1991).  
The gil is an important organ for osmoregulation and ionoregulation (Evans et al. 
2005).  Mitochondrion-rich cels, also  known as chloride cels, are  primary sites for ion 
exchange in the gil. Na+/K+-ATPase (NKA) is an important osmoregulatory enzyme in 
the membrane of the chloride cel and has been used as an indicator of seawater tolerance 
in many salmonid species (McCormick 2013). An increase in gene expression for the α1 
subunit  of the  NKA enzyme during smolting has also  been  discovered. Reciprocal 
expression  of two  NKA isoforms, α1a and α1b, suggest their involvement in 
hyperosmoregulation and  hypoosmoregulation, respectively (Richards et al. 2003). 
Additionaly, the endocrine system has an important role in smolting and osmoregulation. 
Growth hormone and cortisol are important for smolting as plasma concentrations of both 
hormones stimulate the development of seawater tolerance (McCormick 2013). Prolactin 
is important for  osmoregulation in freshwater as  plasma concentrations  decrease  during 
smolting and increase  when fish are transfered from seawater  back to freshwater 
(McCormick 2013). Hormones must interact with their receptors on target tissues to exert 
their influence on the cel. The expression of growth hormone receptor (GHR) in the gil 
increases during smolting (Kilerich et al.  2007;  Stefansson et al.  2007;  Nilsen et al. 
2008), while expression of prolactin receptor (PrlR) decreases (Kilerich et al. 2007) or 
shows no change (Nilsen et al. 2008). The receptor for cortisol, glucocorticoid receptor 
(GR1), also increases during smolting (Kilerich et al. 2007; Nilsen et al. 2008) 
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Water temperature,  photoperiod and stream  morphology, such as stream length, 
have  been suggested to  be among the strongest freshwater abiotic factors that exert 
selective  pressure  on local adaptation in salmon (Garcia  de  Leaniz et al.  2007). 
Freshwater  migration  distance  may influence local adaptations to  which salmon  may 
respond  both  behaviouraly and  physiologicaly (Fraser et al.  2011).  Evidence  of 
freshwater  migration  distance as a selective  pressure for local adaptation  has  been 
identified in  both adult and juvenile salmon.  Adults and juveniles  with long freshwater 
spawning and smolt migration distances, respectively, were found to have more fusiform 
body morphology than those with short migration distances – a trait known to maximize 
swimming eficiency (Taylor & McPhail 1985; Fraser et al. 2007; Bilman et al. 2014). 
Additionaly,  population-specific  diferences in the timing  of  development  of  NKA 
activity and  migratory  behaviour  have  been identified for  diferent  populations  of 
Atlantic salmon (Riddel & Legget 1981; Nielsen et al. 2001; Stewart et al. 2006). It is 
curently  unknown,  however,  whether the  duration  of the smolt  window  difers among 
populations, particularly among groups with diferent migratory distances. It is likely that 
diferent populations of Pacific salmon exhibit considerable variation in the development, 
duration, and loss  of salinity tolerance  during smolting.  Long river systems  with 
inherently longer migration periods increase freshwater residence time and threaten smolt 
survival with the loss of seawater tolerance (McCormick et al. 1997). A prolonged smolt 
window  would accommodate longer  migration  distances that  may result in longer 
migratory  periods and a  more  variable timing  of arival to estuaries  due to interannual 
diferences in discharge and flow rate.  
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Projections  of  mean  water temperature change in the  Fraser  River  over the  next 
century indicate a warming trend in al seasons (Morison et al. 2002; Ferari et al. 2007). 
Projected flow regimes,  however, indicate a likely increase in average flow and a 
decrease in average peak flow that  wil  occur earlier in the  year (Morison et al.  2002; 
Ferari et al.  2007) – flows that  may  benefit smolt  migration.  Since  warmer  water 
temperatures are  known to shorten the smolt  window,  however, it is likely that smolt 
development  may  be adversely impacted (Duston et al.  1991). It is  unknown  how 
diferent  water temperatures  wil influence the  duration  of the smolt  window among 
distinct  populations.  Populations that are adapted to  diferent thermal regimes, for 
example from warmer coastal versus cooler interior streams, may respond diferently to a 
warming riverine environment. Elucidating population-specific responses to temperature 
for the  development,  duration and loss  of seawater tolerance  may  help to identify  how 
distinct  populations  may respond to  projected environmental changes (Spence  &  Hal 
2010).  
The  development  of seawater tolerance was examined in three  populations  of 
coho salmon juveniles that represent fish that  have  diferent freshwater  migration 
distances. Each population was reared in three diferent water temperature regimes. My 
research questions were: 1) does the development, duration and loss of seawater tolerance 
during smolting difer between three populations with diferent migratory distances to the 
ocean? and 2) does temperature have a variable influence on the development, duration 
and loss of seawater tolerance among populations. A ‘common garden’ experiment where 
individuals are subjected to the same environmental conditions is a  method that is 
employed to study adaptive responses that  may result from  genetic  diferences (Taylor 
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1990). I  used biochemical and  molecular indicators  of seawater tolerance to identify 
potential adaptive responses that may difer among population and water temperature. 
METHODS 
Study populations 
Three  populations  of coho salmon in  British  Columbia (BC) were  used in the 
experiment (Fig. 1.1). The populations represent fish that have a short, medium or long 
migration from their natal streams to the ocean – Chehalis River is approximately 100 km 
to the ocean, Deadman River is approximately 400 km to the ocean, and Salmon River is 
approximately  650  km to the  ocean.  The three  populations  were reared at  Salmonid 
Enhancement Program hatcheries for Fisheries and Oceans Canada. The Chehalis River 
is a tributary to the  Lower  Fraser  River and this  population  was reared at the  Chehalis 
River  Hatchery located in  Agassiz,  BC.  The  Deadman  River is a tributary to the 
Thompson River and the Salmon River flows into Shuswap Lake, which empties into the 
Thompson  River.  Both  Deadman and  Salmon  River  populations  were reared at  Spius 
Creek Hatchery located near Merit, BC. Hatchery practices are detailed in Ackerman et 
al. (2008a,b). Gametes are colected from wild spawning adults on spawning grounds in 
their streams of origin or from adults that are intercepted during spawning migrations as 
they  move  past hatcheries situated on their rivers  of  origin. Juveniles are reared in 
hatcheries until smolting  when they are transported  back to their rivers  of  origin and 
released in mid May at an approximate target mass of 20 g (Doug Turvey, pers. comm.; 
Ackerman et al. 2008a,b). 
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Fish transport, experimental design and sampling 
On 25 February 2015, approximately 300 fish each from Chehalis, Deadman, and 
Salmon  River  populations  were transported in aerated transport tanks (two tanks  per 
population) from their respective hatcheries to the Aquatic Animal Holding Facility at the 
University of Northern British Columbia (UNBC). During transport, water temperatures 
increased from 4.0 to 6.1 °C for Chehalis River fish and from 2.5 to 5.3 °C for Deadman 
and Salmon River fish. Upon arival at UNBC, fish from each population were equaly 
divided among three tanks (nine tanks in total).  Three recirculating systems each 
contained one tank holding each population (three populations per recirculating system) 
resulting in a  3X3 factorial  design. Initial recirculating system  water temperatures at 
transfer were approximately 6 °C. 
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Figure 1.1. Fish hatcheries (red squares) where coho salmon (Oncorhynchus kisutch) 
juveniles were obtained. Rivers (blue lines) of broodstock origin for each population. 
 
  
Chehalis 
River 
Deadman 
River 
Salmon 
River 
Spius Creek 
Hatchery 
Chehalis 
River 
Hatchery 
Fraser 
River 
Thompson 
River 
23 
 
Each recirculating system  was equipped  with three square  150-L tanks.  Water 
temperatures  were controled  with refrigeration  units (Models  D1-33  or  D1-100,  Frigid 
Units Inc., Toledo OH) mounted on 200-L header tanks. Water was gravity-fed from the 
header tank through PVC piping to each fish holding tank at a flow rate of approximately 
1.5 L/min. Airlifts were instaled in each tank to increase dissolved oxygen and provide 
greater water circulation in the tanks. Water levels in each tank were regulated through a 
standpipe that directed water into a common 150-L reservoir tank that contained a MD5 
Danner  Supreme  Mag  Drive  Pump (Danner  MFG. Inc., Islandia,  NY).  Water  was 
pumped through a  mechanical, chemical and  biological  Ocean  Clear  Filter (Red  Sea, 
Houston,  TX) and returned to the  header tank.  Approximately  10 to 40%  of the total 
water volume in each system was removed and replenished with dechlorinated city water 
each day. Temperature, dissolved oxygen, pH, ammonia and conductivity were measured 
daily prior to water changes. Additionaly, one HOBO temperature data logger (U22 Pro 
v2,  Onset Computer  Corporation,  Bourne,  MA) remained in each tank to record  water 
temperature hourly throughout the experiments. 
A simulated  natural  photoperiod  was controled  by an automatic timer 
programmed twice  weekly for  Kamloops,  BC (~50 °N),  which is the aproximate 
average latitude of the rivers of broodstock origin. Water temperature was maintained at 
approximately  6 °C in al recirculating systems  until  30  April.  Temperatures  were then 
increased  by  1 °C  daily  until each system reached a final experimental temperature for 
the remainder of the experiment (cold ~ 8 °C, Mid ~ 12 °C, warm ~ 16 °C). Fish were fed 
Bio Vita 1.5-mm pelets (Bio-Oregon) daily ad libitum (approximately 2% of the average 
body mass per day). 
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Five to ten fish from each tank  were sampled every two  weeks (nine possible 
sampling  periods,  but see  below) beginning  on  17  March  until the conclusion  of the 
experiment on 7 July. Al fish were fasted for approximately 24 h prior to sampling. Fish 
were rapidly neted from the experimental tanks and placed into a lethal dose (200 mg/L) 
of tricaine methanesulfonate (MS-222) bufered with 400 mg/L sodium bicarbonate. Fish 
were pated dry and measured for mass (g) and fork length (mm). Condition factor (K) 
was calculated as (mass/length3) X 100,000). Approximately ten gil filaments from the 
primary  gil arch  were excised and stored at -80 °C for subsequent analysis  of  Na+/K+-
ATPase (NKA) activity. The remaining gil arches were excised, immersed in RNAlater 
stabilization solution, placed in a fridge for 24 h and subsequently stored at -80 °C until 
analysis.  UNBC  Animal  Care and  Use  Commitee approved al fish transport and 
sampling procedures (protocol 2014-14). 
On 1 March, a refrigeration unit malfunction for the mid treatment recirculating 
system required a transfer  of  half  of the fish from that system into each  of the  other 
systems. Consequently, the first sample date comprised five individuals from each tank in 
the cold and warm recirculating systems.  Fish were reintroduced to the mid treatment 
system on 26 March and a disease outbreak occured in that same recirculating system in 
early April. To prevent further disease transmission in the mid treatment system, 26, 17, 
and 10 fish from Chehalis, Deadman, and Salmon populations, respectively, were culed 
and negligible disease symptoms were noted in this system after this point. As a result of 
culing, fish  were  not sampled from the mid treatment  on  28  April to  maintain fish for 
later sample dates. In May, after the increase in water temperature from 6 to 16 °C in the 
warm treatment system, a sudden  deterioration in  water-quality conditions caused an 
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increase in  mortality along  with  disease symptoms similar to the  occurence in the mid 
treatment system. Optimal water quality was re-established after one week, but not before 
44, 13, and 5 mortalities occured for Chehalis, Deadman, and Salmon fish, respectively. 
Not including culed diseased fish and the sudden onset mortalities in the warm system in 
May, mortality in this experiment was less than 5%. 
Analysis of gil Na+/K+-ATPase activity 
Gil  NKA activity  was  measured according to the  microassay  protocol  of 
McCormick (1993). In  brief,  gil filaments  were  homogenized in  SEI  bufer (150 mM 
sucrose,  10  mM  Na2  EDTA,  50  mM imidazole,  pH  7.3) containing  0.1% sodium 
deoxycholate (SEID). Samples were centrifuged (5000 g for 30 s) to produce supernatant, 
which  was  used to  determine the enzyme activity  by relating  ATP  hydrolysis to the 
oxidation of nicotinamide adeninedinucleotide (NADH), measured at 340 nm for 10 min 
at 25 °C, and replicated twice in the presence and absence of 0.5 mmol/L ouabain on a 
plate reader (VersaMax,  Molecular  Devices,  Sunnyvale,  California,  USA).  Protein 
content  was then measured  using a  bicinchoninic acid (BCA)  protein assay (Pierce, 
Rockford, Ilinois,  USA).  Specific activities  were expressed as  µmol  ADP/mg  of 
protein/h.  
Purification of total RNA from gil tissues and cDNA synthesis 
Total RNA was extracted from RNAlater-stabilized gil tissue samples (15-25 mg) 
using  Qiagen  RNeasy  Kit (Qiagen,  Mississauga,  ON).  Samples  were  homogenized in a 
Geno/Grinder 2000 (BT&C, Inc., Burlington, ON). Isolated RNA was dissolved in 30 µL 
RNase-free  deionized  water.  RNA concentration and  purity  were  measured  on a 
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Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, Delaware, USA) by 
an optical absorbance of 260 nm and 280 nm. Approximately 1 µL of purified RNA was 
converted to cDNA  using the  Qiagen  QuantiTect  Reverse  Transcription  Kit (Protocol: 
Reverse  Transcription  with  Elimination  of  Genomic  DNA for  Quantitative  Real-Time 
PCR).  
Primers and gene validation 
Forward and reverse primers that were originaly designed for rainbow trout (O. 
mykiss)  were  used to target five  genes to assess smolt  development.  Primers  used to 
assess genes that produce ionoregulatory proteins targeted NKA α1a (Madsen et al. 2009) 
and  NKA α1b (Richards et al.  2003).  Primers  used to assess  genes for endocrine 
involvement in smolting targeted the Glucocorticoid  Receptor  1 (GR1) (Sathiyaa  & 
Vijayan  2003), the Prolactin  Receptor (PrlR) (Kilerich et al.  2007) and the Growth 
Hormone Receptor 1 (GHR) (Very et al. 2005). Primers for two reference genes targeted 
β-actin (Sathiyaa & Vijayan 2003) and Elongation Factor 1α (EF1α) (Richards et al. 2003) 
to examine relative gene expression throughout smolt development. 
Al  primers required  validation for coho salmon to ensure that the  genes  of 
interest were indeed being amplified. PCR conditions were optimized for each primer set 
to produce gene-specific products from cDNA produced from RNA. PCR products were 
assessed for concentration and  purity  on a  Nanodrop spectrophotometer (Nanodrop 
Technologies,  Wilmington,  Delaware,  USA) as  wel as assessed  on a  2% agarose  gel 
containing ethidium  bromide to ensure that a single amplicon  was  produced.  PCR 
products were purified (Qiagen MinElute PCR Purification Kit) and sequenced (BigDye 
27 
 
Terminator v1.1) on an Applied Biosystems Inc. 3130XL DNA Analyzer (Carlsbad, CA) 
at  UNBC.  Sequences  were compared to  previously  published sequences in  GenBank 
using the  BLAST tool.  NKA α1a  was  100% similar to  NKA α1a for O.  mykiss 
(Accession  No. NM_001124461.1).  NKA α1b  was  100% similar to  NKA α1b for O. 
mykiss (Accession No. NM_001124460.1). GR1 was 98% similar to GR1 for O. mykiss 
(Accession  No. NM_001124730.1).  GHR  was  100% similar to  GHR for Salmo salar 
(Accession  No. XM_014133894.1).  PrlR  was  100% similar to  PrlR for O.  mykiss 
(Accession  No. NM_001124599.1). β-actin  was  100% similar to β-actin for O. 
tshawytscha (Accession  No.  FJ890357.1).  EF1α  was  100% similar to  EF1α for O. 
tshawytscha (Accession No. FJ890356.1). 
Quantitative real-time Polymerase Chain Reaction 
cDNA concentration was measured by Nanodrop and samples were diluted to 400 
ng/µL for quantitative Real-Time Polymerase Chain Reaction (qPCR) analysis. Al qPCR 
reactions contained 1 µL of template cDNA, 4 pmoles of each isoform-specific primer, 
and  10  µL  Power  SYBR  Green  Master  Mix (Applied  Biosystms Inc.,  Carlsbad, 
California, USA). Cycling conditions for qPCR reactions were 2 min at 50 °C, 10 min at 
95 °C, folowed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min using a Quantstudio 3 
Real-Time  PCR  System (Applied  Biosystems Inc.,  Carlsbad,  California,  USA). 
Meltcurve analysis was performed after each reaction to confirm the presence of a single 
amplicon for each  gene and to ensure that  no contamination  was  present. Random 
samples  of  RNA that  were  not reverse-transcribed  were analyzed and  genomic  DNA 
contamination was not detected. 
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Relative expression  of  genes in  gil tissue  of coho salmon was calculated  using 
the ΔΔ  Ct (threshold cycle) method (Livak  &  Schmitgen  2001).  Randomly selected 
samples  were serialy  diluted to  develop a standard curve relating threshold cycle to 
cDNA amount for each  primer set.  The slopes  were linear and similar for al  genes, 
suggesting that the amplification eficiency in the qPCR reactions did not difer between 
genes (Flores et al. 2012). Therefore, the relative expression of the target genes could be 
normalized to a reference  gene  by  utilizing the ΔΔ Ct method (Livak and  Schmitgen 
2001).  Gene expression levels  measured in qPCR assays  were  normalized to reference 
genes β-actin and EF1α. Al samples were run in duplicate and samples were removed if 
standard deviation between duplicates exceeded 0.6. 
Samples chosen for qPCR analysis  were for  Chehalis and  Salmon  River 
populations for the cold and warm recirculating systems  on  17  March and for the cold 
and mid systems on 12 May, 9 and 23 June, and 7 July. Samples were normalized to the 
reference group of Chehalis River fish in the cold system on 17 March 2015.  
Statistical analysis 
One-way  ANOVA  was  used to assess  diferences in  mean  daily  water 
temperature between tanks containing Chehalis River, Deadman River and Salmon River 
fish for each recirculating system.  Accumulated thermal  units (ATU) were  used to 
evaluate and compare thermal  history between tanks and recirculating systems.  ATU 
were calculated  on the last  day  before temperature  manipulation and the final  date  of 
experimental sampling.  Mean  daily  water temperature  did  not  difer  between the three 
tanks in the cold (F2,393=0.27, p=0.97), mid (F2,393=0.003, p=0.99) and warm treatments 
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(F2,393=0.004,  p=0.99).  Temperature  was averaged  between al tanks  within each 
recirculation system to generate a single mean daily temperature for each system. On the 
final  day  before  water temperature  manipulation (30  April), fish in the cold, mid, and 
warm treatments had experienced 363, 378 (calculated from average of other two systems 
for  days  when the chiler  unit  malfunctioned) and  367  ATU, respectively.  ATU  on the 
final sample day (7 July) was 898, 1185 and 1393 for the cold, mid, and warm systems, 
respectively.  The  water temperature experienced  by fish in each tank  within each 
recirculating system was the same for al populations, which alows for development to 
be compared  between  populations.  There  were  only smal  diferences in  ATU  between 
recirculating systems  before temperature  manipulation,  which indicates that fish 
experienced similar rearing temperatures.  After temperature  manipulation fish 
experienced  more  ATU  with increasing temperature treatments.  Al fish  within each 
recirculating system, however, were subjected to the same thermal experience throughout 
rearing. 
One-way ANOVA was used to assess initial diferences in population mass and 
length on the first sample date. For each recirculating system, growth in mass and length 
were both assessed with regression using population as a categorical factor and date as a 
continuous  variable. Mass and length  data  were  both log-transformed for regression 
analysis to  meet assumptions  of residual  normality and  homogeneity  of  variance. 
Condition factor (K),  gil  NKA activity and  gene expression  were assessed  with three-
way factorial ANOVA using population, temperature treatment, date and al interactions. 
For K and NKA analysis, data from several dates in this experiment were dropped from 
the analysis due to unbalanced sample days, sample sizes (due to equipment malfunction 
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and  disease) and four  plates from the  NKA assay that  did  not  provide  valid results. In 
total, samples from  17  March,  28  April,  23 June, and  7 July  were  not included in the 
analysis in order to achieve the most complete subset of data for a ful factorial ANOVA 
(Quinn and Keough 2010). NKA data were square root-transformed to satisfy statistical 
assumptions.  Data  were log-transformed for  GHR to satisfy  homogeneity  of  variance. 
Assumptions  of residual  normality and  homogeneity  of  variance  were assessed  by 
visualy examining residual  plots.  Tukey’s  post-hoc test  was  used to assess  diferences 
for significant main efects or interactions when present. Significance was considered at 
α<0.05. 
RESULTS 
 Fish exhibited significant  growth throughout the experiment (Fig. 1.2 and  Fig. 
1.3). Mass (F2,27=21.7,  p<0.001) and length (F2,27=20.3,  p<0.001)  difered  between 
populations  on the first sample  date as  Chehalis  River fish  were significantly  heavier 
(p<0.01) and longer (p<0.001) than  Deadman and  Salmon  River fish,  while the later 
two  populations  did  not  difer (mass:  p=0.78; length:  p=0.73).  Al  populations in each 
recirculating system exhibited positive growth in mass and length (Fig. 2 and Fig. 3). In 
each recirculating system,  both  Deadman and  Salmon  River  populations exhibited 
significantly more growth in mass and length than Chehalis River fish, but did not difer 
from each other (Fig. 1.2 and Fig. 1.3). Detailed regression results are shown in Tables 
1.1 and 1.2. 
Condition factor was  variable throughout the experiment (Fig. 1.4).  Significant 
diferences in  K  were atributed to  date (F4,324=11.35,  p<0.001) and the interaction 
31 
 
between  population and  date (F8,324=2.93,  p=0.004).  Al  other comparisons  were  not 
significant. K did not difer between populations on each date. K for Chehalis River fish 
did not difer throughout the experiment. Deadman had a significantly higher K on 9 June 
than  on  31  March (p=0.002) and  14  April (p=0.007).  For  Salmon  River fish,  K  on  26 
May (p=0.007) and 9 June (p<0.001) was significantly higher than on 31 March, and K 
on 9 June (p=0.02) was significantly higher than on 12 May (Fig. 1.4).  
NKA varied throughout the experiment, although, no distinct peak in activity was 
observed (Fig. 1.5).  Significant  diferences in activity  were atributed to  population 
(F3,324=3.17,  p=0.04), temperature treatment (F2,324=3.15,  p=0.04),  date (F4,324=21.98, 
p<0.001), and the interaction between population and date (F8,324=3.08, p=0.002). On 12 
May, Chehalis River fish had lower activity than the other populations (p<0.03). Within 
populations, activity for  Chehalis  River fish  on  12  May  was significantly lower than 
activity  on al  other  dates (p<0.001).  For Deadman  River fish, activity  on  12  May  was 
significantly lower than activity on 31 March (p=0.004), and 14 April (p=0.008). There 
were no significant diferences in activity throughout the study for Salmon River fish. 
Mean reference gene mRNA copies were not consistent over time or temperature 
treatment (Appendix I). β-actin for the cold temperature treatment system  did  not  vary 
significantly  over time for  Chiliwack (F4,24=2.46,  p=0.07) and  Salmon  River fish 
(F4,24=1.67,  p=0.19), whereas values  did  vary significantly in the mid temperature 
treatment for  both  Chiliwack (F4,18=4.54,  p<0.001) and  Salmon  River fish (F4,24=7.51, 
p<0.001).  EF1α  varied significantly  over time (p<0.022) for al  populations and 
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temperature treatments. ANOVA results difered when changes in gene expression were 
calculated using β-actin or EF1α as the reference gene. 
Changes in gene expression for gil NKA α1a subunit were generaly smaler in 
the cold treatment compared to the mid treatment system and  no  distinct  paterns  were 
evident  between  populations (Fig. 1.6).  Significant  diferences  were atributed to the 
three-way interaction  between  population, temperature treatment and  date (F4,86=4.034, 
p=0.005).  There  were  no  diferences in α1a expression  within either  population in the 
cold treatment or for Salmon River fish in the mid treatment. Chehalis River fish in the 
mid treatment, however, difered significantly over time and generaly exhibited greater 
expression on 12 May (p=0.006) and 23 June (p<0.05) compared to the other dates. The 
only  population  diference  was evident  on  23 June in the mid treatment  when  Chehalis 
River fish exhibited  higher expression than  Salmon  River fish (p=0.046).  Within 
populations,  Salmon  River fish  did  not  difer  between temperature treatments,  while 
Chehalis  River fish exhibited  higher expression in the mid compared to the cold 
treatment on 12 May (p=0.010) and 23 June (p<0.001). 
Expression of gil NKA subunit α1b was most variable for Chehalis River fish in 
the mid treatment compared to changes in the  other  groups (Fig. 1.7).  Significant 
diferences were atributed to the three-way interaction between population, temperature 
treatment and  date (F4,87=4.750,  p=0.002).  Similar to α1a, there  were  no  diferences in 
α1b expression within either population in the cold treatment or for Salmon River fish in 
the mid treatment,  while  Chehalis  River fish in the mid treatment  had the  highest 
expression  on  12  May (p<0.01) and  23 June (p<0.01).  The  only  population  diferences 
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occured in the mid treatment where expression in Chehalis River fish was higher than in 
Salmon  River fish  on  12  May (p<0.001) and  23 June (p=0.003).  Within  populations, 
Chehalis River fish in the mid treatment had higher α1b expression compared to the cold 
treatment  on  12  May (p=0.003) and on  23 June (p<0.001).  Salmon  River fish  did  not 
difer between temperature treatments. 
Expression  of  GHR in the  gils  generaly increased towards the end  of the 
experiment and was much more variable in the mid temperature treatment than the cold 
treatment (Fig. 1.8).  Significant  diferences  were atributed to the interaction  between 
temperature treatment and date (F4,85=5.271, p<0.001). On 23 June, GHR expression was 
higher for fish in the mid compared to the cold system (p=0.046). Within treatments, fish 
in the cold treatment had higher expression on 7 July compared to 17 March (p=0.007), 
while fish in the mid treatment  had  higher expression  on  23 June than  on  17  May 
(p=0.015) and 9 June (p<0.001). 
There were no discernable paterns evident in the subtle changes in expression of 
gil  PrlR  between  populations and temperature treatments, and expression remained 
relatively stable (Fig. 1.9).  Significant  diferences  were  only atributed to  date 
(F4,89=2.926, p=0.025). PrlR expression was significantly higher on 17 March than on 12 
May (p=0.015).  
Changes in expression  of  gil  GR1 generaly increased towards the end  of the 
experiment (Fig. 1.10). Significant diferences were atributed to the interaction between 
population and  date (F4,88=2.988,  p=0.023).  GR1 expression  was significantly  higher in 
Chehalis  River fish than in  Salmon  River fish  on  23 June (p=0.009).  Expression in 
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Chehalis River fish was significantly higher on 23 June than on 17 March (p=0.003), 12 
May (p=0.016) and 9 June (p=0.002). In Salmon River fish, expression was significantly 
higher on 7 July than on 17 March (p=0.019) and 12 May (p=0.015).   
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Table 1.1. Regression results for growth in mass (g) of coho salmon (Oncorhynchus 
kisutch) within each recirculating system. Mass was log-transformed in the regressions. 
Difering lower case leters denote that intercepts and slopes were significantly diferent.  
Treatment Model Results Population Intercept Slope 
cold 
(8 °C) 
F5,219=70.83 
R2=0.62 
p<0.001 
Chehalis R. 1.12 a 6.9x10-4 a 
Deadman R. 0.93 b 3.5x10-3 b 
Salmon R. 0.91 b 3.9x10-3 b 
mid 
(12 °C) 
F5,149=76.49 
R2=0.72 
p<0.001 
Chehalis R. 1.03 a 2.5x10-3 a 
Deadman R. 0.91 b 4.5x10-3 b 
Salmon R. 0.93 b 4.2x10-3 b 
warm 
(12 °C) 
F5,199=92.26 
R2=0.70 
p<0.001 
Chehalis R. 1.07 a 2.6x10-3 a 
Deadman R. 0.86 b 5.0x10-3 b 
Salmon R. 0.93 c 4.4x10-3 b 
 
Table 1.2. Regression results for growth in length (mm) of coho salmon (Oncorhynchus 
kisutch) within each recirculating system. Length was log-transformed in the regressions. 
Difering lower case leters denote that intercepts and slopes were significantly diferent. 
Treatment Model Results Population Intercept Slope 
cold 
(8 °C) 
F5,219=66.26 
R2=0.60 
p<0.001 
Chehalis R. 2.02 a 2.9x10-4 a 
Deadman R. 1.97 b 1.1x10-3 b 
Salmon R. 1.97 b 1.1x10-3 b 
mid 
(12 °C) 
F5,149=70.67 
R2=0.70 
p<0.001 
Chehalis R. 2.00 b 8.0x10-4 a 
Deadman R. 1.97 b 1.4x10-3 b 
Salmon R. 1.97 b 1.2x10-3 b 
warm 
(16 °C) 
F5,199=79.44 
R2=0.67 
p<0.001 
Chehalis R. 2.01 a 3.1x10-4 a 
Deadman R. 1.96 b 1.4x10-3 b 
Salmon R. 1.97 c 1.2x10-3 b 
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Figure 1.2. Mass of Chehalis, Deadman and Salmon River coho salmon (Oncorhynchus 
kisutch) reared in three temperature treatments (cold ~8 °C, mid ~12 °C and warm ~16 
°C). Arows indicate when experimental temperatures were increased from 
approximately 6 °C to treatment temperatures. Presence of a regression line indicates a 
significant slope coeficient and difering line type denotes that populations difered 
significantly within each treatment (Table 1.1). Sample size at each date ranged from 5 to 
10 fish. Data are presented as mean ± SE.  
5
10
15
20
25
30
35
Date
Mar Apr May Jun Jul 
5
10
15
20
25
30
35
Wei
ght 
(g)
5
10
15
20
25
30
35 Mid
Warm
Cold
Chehalis 
Deadman 
Salmon 
Mas
s (
g)
 
37 
 
 
 
 
 
 
 
 
 
Figure 1.3. Length of Chehalis, Deadman and Salmon River coho salmon (Oncorhynchus 
kisutch) reared in three temperature treatments (cold ~8 °C, mid ~12 °C and warm ~16 
°C). Arows indicate when experimental temperatures were increased from 
approximately 6 °C to treatment temperatures. Presence of a regression line indicates a 
significant slope coeficient and difering line type denotes that populations difered 
significantly within each treatment (Table 1.2). Sample size at each date ranged from 5 to 
10 fish. Data are presented as mean ± SE. 
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Figure 1.4. Mean condition factor of Chehalis, Deadman and Salmon River coho salmon 
(Oncorhynchus kisutch) reared in three temperature treatments (cold ~8 °C, mid ~12 °C 
and warm ~16 °C). Arows indicate when experimental temperatures were increased 
from approximately 6 °C to treatment temperatures. Significant diferences are not shown 
for ease of ploting. Grey symbols indicate data excluded from ful-factorial ANOVA. 
Sample size at each date ranged from 5 to 10 fish. Data are presented as mean ± SE.  
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Figure 1.5. Gil Na+/K+-ATPase activity from Chehalis, Deadman and Salmon River 
coho salmon (Oncorhynchus kisutch) reared in three temperature treatments (cold ~8 °C, 
mid ~12 °C and warm ~16 °C). Arows indicate when experimental temperatures were 
increased from approximately 6 °C to treatment temperatures. Significant diferences are 
not shown for ease of ploting. Grey symbols indicate data excluded from ful-factorial 
ANOVA. Sample size at each date ranged from 5 to 10 fish. Data are presented as mean 
± SE. 
 
*
*
*
Na
+/
K+-
AT
Pas
e A
cti
vit
y 
(µm
ol 
AD
P/
mg 
pro
tei
n/h
r)
0
1
2
3
4
5 Mid
Date
Mar Apr May Jun Jul 
0
1
2
3
4
5 Warm
0
1
2
3
4
5
Chehalis
Deadman
Salmon
Cold
Gill
 N
a+
/K+
-AT
Pas
e a
cti
vit
y 
(µ
mol
 A
DP/
mg 
pro
tei
n/h
r) 
40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6. Fold change in mRNA expression of gil Na+/K+-ATPase subunit α1a from 
Chehalis and Salmon River coho salmon (Oncorhynchus kisutch) reared in the cold (~8 
°C) and mid (~12 °C) temperature treatments. † denotes population diferences within 
temperature and date. ‡ denotes temperature diferences within population and date. 
Common lower case leters were not significantly diferent. Al points are relative to 
Chehalis River fish in the cold treatment normalized against the reference gene β-actin 
(dashed line). Sample size at each date ranged from 3 to 6 fish. Data are presented as 
mean ± SE. 
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Figure 1.7. Fold change in mRNA expression of gil Na+/K+-ATPase subunit α1b from 
Chehalis and Salmon River coho salmon (Oncorhynchus kisutch) reared in the cold (~8 
°C) and mid (~12 °C) temperature treatments. † denotes population diferences within 
treatment and date. ‡ denote temperature diferences within population and date. Lower 
case leters denote date diferences within temperature and population. Al points are 
relative to Chehalis River fish in the cold treatment normalized against the reference gene 
β-actin (dashed line). Sample size at each date ranged from 2 to 6 fish. Data are presented 
as mean ± SE.  
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Figure 1.8. Fold change in mRNA expression of branchial Growth Hormone Receptor 1 
from Chehalis and Salmon River coho salmon (Oncorhynchus kisutch) reared in the cold 
(~8 °C) and mid (~12 °C) temperature treatments. Al points are relative to Chehalis 
River fish in the cold treatment normalized against the reference gene β-actin (dashed 
line). Significant diferences are not shown for ease of ploting. Sample size at each date 
ranged from 3 to 6 fish. Data are presented as mean ± SE. Eror bars are not shown for 
mid Chehalis on 23 June for ease of ploting due to high variation. 
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Figure 1.9. Fold change in mRNA expression of branchial Prolactin Receptor from 
Chehalis and Salmon River coho salmon (Oncorhynchus kisutch) reared in the cold (~8 
°C) and mid (~12 °C) temperature treatments. Al points are relative to Chehalis River 
fish in the cold treatment normalized against the reference gene β-actin (dashed line). 
Significant diferences are not shown for ease of ploting. Sample size at each date 
ranged from 3 to 6 fish. Data are presented as mean ± SE.  
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Figure 1.10. Fold change in mRNA expression of branchial Glucocorticoid Receptor 1 
from Chehalis and Salmon River coho salmon (Oncorhynchus kisutch) reared in the cold 
(~8 °C) and mid (~12 °C) temperature treatments. Al points are relative to Chehalis 
River fish in the cold treatment normalized against the reference gene β-actin (dashed 
line). Significant diferences are not shown for ease of ploting. Sample size at each date 
ranged from 2 to 6 fish. Data are presented as mean ± SE.  
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DISCUSSION 
An increase in seawater tolerance is crucial for juvenile salmon  undergoing the 
par-smolt transformation to survive and successfuly transition to the marine 
environment. In  my study, al three  populations  of juvenile coho salmon representing 
groups that  migrate  diferent  distances to the  ocean  did  not fuly express  physiological 
changes associated  with smolting.  Based  on size, shape and  physical appearance only 
(Appendix IV) the fish appeared to smolt. Physiological measures, however, indicate that 
fish began to smolt earlier than the natural timing of smolting and exhibited incomplete 
smolt-related changes in seawater tolerance based  on  NKA activity. Additionaly, 
temperature manipulation during the experiment appeared to have litle to no efect on al 
three populations. 
Growth, condition factor and physical appearance 
Diferences in initial size  were atributed to  warmer  water temperature at the 
Chehalis River Fish Hatchery compared to Spius Creek Fish Hatchery in the winter prior 
to fish transfer. At the onset of the experiment, Chehalis River fish were distinctly larger 
than  Deadman and  Salmon  River fish.  Within each recirculation system,  however, 
Deadman and Salmon River fish generaly exhibited greater growth than Chehalis River 
fish. It appeared that  Chehalis fish took  more time to adjust to the  new rearing 
environment at the UNBC Aquatics Facility as they did not feed as readily as Deadman 
and Salmon River fish – likely resulting in the diference in growth trends. Despite less 
growth in  Chehalis fish, al  populations  had reached the approximate size threshold 
suggested for salmon to be sensitive to photoperiod and to be capable of developing into 
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competent smolts (Ewing et al.  1979;  Hoar  1988; see also  McCormick  1994).  Similar 
population  diferences in initial fish size and early feeding  habits at the  UNBC facility 
were  observed for the  Chiliwack  River and  Salmon  River populations used in  Chapter 
Two, yet both groups of fish clearly smolted.  
Condition factor exhibited a subtle  decreasing trend early in the cold treatment 
only,  which suggests that fish  were experiencing smolt-related  physical changes.  After 
temperature manipulation at the beginning of May, K either remained static or increased 
– which is an inconsistent trend for smolting fish. Wel-fed fish in hatchery environments, 
however, may not exhibit decreases in K (McCormick and Saunders 1987; Shrimpton et 
al.  1994b).  Condition factor, therefore,  may  not  necessarily  be a reliable indicator  of 
smolt development in my experiment.  
Changes in the physical appearance of fish in my study also suggested that smolt-
related changes  occured (Appendix IV). Although the  degree  of silvering  was  not 
quantified, fish generaly lost visible par markings and became more silvery, though not 
completely.  Fish also exhibited changes in fin colouration that are characteristic  of 
salmon undergoing smolting. Consequently, physical appearance of the fish indicated that 
they appeared to transform from par to smolts. 
Gil Na+/K+-ATPase activity 
I  used the  microassay  protocol  developed  by  McCormick (1993)  on  Atlantic 
salmon to quantify NKA activity, which has consistently been shown to be a good marker 
for smolting. Enzyme activity in al populations and temperature treatments was greater 
than  values characteristic  of  par and lower than  values commonly seen in smolts 
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compared to  other studies  on coho salmon (Ojima  & Iwata 2007; 2010;  Harada et al. 
2008).  Fish in  my study exhibited  pre-smolt-like  NKA activity from the  onset  of 
sampling with a slight decline in late April. Folowing temperature manipulations at the 
beginning  of  May,  NKA activity  became slightly elevated and appeared to  plateau; 
however, activities again were lower than those of competent smolts. It appears, therefore, 
that fish in my experiment did not fuly smolt based on the biochemical marker NKA.  
Other indicators of smolt development 
NKA is an important osmoregulatory enzyme that  becomes elevated  during 
smolting concurent with improved seawater tolerance in salmonids (McCormick 2013). 
Several studies reported that gil mRNA expression of the α subunit of the NKA enzyme 
increases,  which  precedes increases in NKA α  protein abundance (D’Cota et al.  2000) 
and NKA activity (Madsen et al. 1995; D’Cota et al. 2000; Seidelin et al. 2000; Seidelin 
et al.  2001).  Two isoforms (α1a and α1b)  of the  NKA α subunit  have since  been 
discovered (Richards et al. 2003). NKA α1a and α1b isoforms show a reciprocal response 
to changes in salinity or a springtime response to smolting that are consistent with hyper 
and hypo-osmoregulatory ability, respectively – down-regulation  of α1a and  up-
regulation of α1b, as observed in rainbow trout (Richards et al. 2003; Flores & Shrimpton 
2012), Atlantic salmon (Nilsen et al. 2007; Stefansson et al. 2007; Kilerich et al. 2011) 
and  Arctic char (Salvelinus  alpinus; Bystriansky et al.  2006).  Further evidence  of the 
freshwater and seawater adaptive roles  of α1a and α1b, respectively, are evident in 
mature salmon  migrating  back into freshwater from the  ocean.  Wild adult sockeye 
salmon (O. nerka) moving into freshwater during their spawning migrations exhibited an 
48 
 
up-regulation  of α1a, whereas α1b showed litle  or  no change (Shrimpton et al.  2005; 
Flores et al. 2012).  
In  my study,  both the  NKA α1a and α1b isoform showed  no  distinct changes 
throughout  development  with the exception  of the  Chehalis  River fish in the mid 
temperature treatment, also suggesting that  physiological changes associated  with the 
development of saltwater tolerance did not occur in any of the groups of fish. The lack of 
change in the NKA α1 isoforms, however, may not indicate that the fish did not smolt. In 
Chinook (O. tshawytscha) salmon smolts reared in freshwater,  Grant et al. (2006) 
similarly found litle change in NKA α1 isoforms during the spring. I found a similar lack 
of change in the α1 isoforms in my experiment reported in Chapter Two – where clearly 
the fish smolted. Interestingly, the changes in expression for α1a and α1b in the mid 
treatment Chehalis River fish were likely driven by changes in the reference gene β-actin, 
which  varied significantly  over time (Appendix I). If fish  were stimulated  prior to the 
onset  of sampling, then  perhaps any changes in  gene expression associated  with smolt 
development  may  not  have  been  detected further. It also is  possible that  NKA α1a and 
α1b exhibit litle change during the par-smolt transformation for coho salmon while fish 
are stil in fresh water; however, it is not known how the copies of these genes change 
folowing  movement into seawater. In  Chinook smolts,  gil  NKA α1a expression  was 
higher in freshwater, whereas α1b expression was higher after smolts were transfered to 
seawater (Grant et al. 2006). 
There are several  hormones that  have important roles in  developing seawater 
tolerance in smolting salmonids.  Circulating concentrations  of cortisol,  GH and thyroid 
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hormones become elevated, in contrast to prolactin, which decreases during smolting (see 
review by McCormick 2013). GH and cortisol are involved in the development of hypo-
osmoregulatory ability in smolts. GH and cortisol also have been found to act in synergy 
to enhance seawater tolerance  beyond the efect  of either  hormone in isolation 
(McCormick  1996).  Plasma  prolactin concentrations  were found to  decrease  during 
smolting and become further decreased when fish are introduced to seawater – suggesting 
a role in  hyperosmoregulation.  Assays to evaluate circulating concentrations  of these 
hormones require a great deal of blood plasma, which is dificult to obtain for smaler-
sized fish. Measurement limitations, therefore, often preclude the ability to examine the 
potential influence  of al  of these  hormones  via  plasma concentrations.  An alternative 
approach is to examine the changes in receptor expression for GH, prolactin and cortisol 
– particularly in the gil because of its ion and osmoregulatory function. 
To  date, few studies  have examined  GHR,  PrlR and  GR1 expression in  gils  of 
salmonids throughout smolt  development. In  Atlantic salmon,  gil  GHR expression 
increased during smolting coincident with increases in seawater tolerance (Kilerich et al. 
2007;  Stefansson et al.  2007;  Nilsen et al.  2008).  Kilerich et al. (2007) found that  gil 
PrlR expression  decreased  during smolting in  Atlantic salmon, whereas Nilsen et al. 
(2008) found  no changes.  Gil  PrlR expression  was further reduced after transfer to 
seawater (Kilerich et al. 2007; Nilsen et al. 2008). Similar to the NKA α1 subunits, the 
reciprocal expression paterns for gil GHR and PrlR are consistent with the seawater and 
freshwater adaptive roles for both of these hormones (see Manzon 2002 for prolactin and 
Bjornsson  1997 for  growth  hormone).  Gil  GR1 expression  has  been  demonstrated to 
increase (Mazurius et al. 1998; Mizuno et al. 2001; Kilerich et al. 2007 & 2011; Nilsen 
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et al.  2008), perhaps responding to increases in  plasma cortisol concentration and  or 
decreases in glucocorticoid receptor abundance during smolting in salmonids (Shrimpton 
et al.  1994a).  Changes in cortisol  dynamics are consistent  with the role  of cortisol in 
developing seawater tolerance in smolts (see McCormick 1995) 
In my study, gil GHR expression generaly increased throughout the experiment 
suggesting that expression in the  gil  may  have  been responding to increased  growth 
hormone influence. Increased expression of gil GHR is consistent with previous findings 
in  Atlantic salmon smolts (Kilerich et al.  2007;  Stefansson et al.  2007;  Nilsen et al. 
2008). The magnitude and variability in GHR expression was particularly exaggerated for 
Chehalis fish in the mid treatment. Closer examination of Ct values revealed that several 
fish had tremendous increases in expression compared to others in the same sample group, 
which can explain the  drastic increases and large  variability.  The magnitude  of the 
changes in  GHR expression in the mid treatment system  were likely exacerbated by a 
significantly  variable β-actin reference  gene. Gil  PrlR expression  generaly remained 
unchanged throughout my study, although, expression was only significantly lower after 
temperatures were increased in May compared to the onset of sampling. Lack of change 
or a slight decrease in my study is consistent with gil PrlR expression in previous studies 
on Atlantic salmon that also showed either a decrease (Kilerich et al. 2007) or no change 
(Nilsen et al. 2008) with smolt development. PrlR expression, however, does not appear 
to be an important indicator of smolt development in coho salmon, as results in Chapter 
Two also show no changes in expression in fish that successfuly smolted. Changes in gil 
GR1 expression for  Salmon  River fish were elevated towards the end  of the study,  but 
were less marked than what has been  previously reported for salmonids  undergoing 
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smolting (Mizuno et al.  2001;  Kilerich et al.  2007  &  2011;  Nilsen et al.  2008). 
Diminished changes in GR1 in  my study  may indicate that fish  did  not receive the 
optimal environmental stimuli to fuly smolt or again that further smolt-related increases 
were not detectable after early smolt stimulation. 
Factors impairing smolt development 
It is likely that timing  of fish transport in late  February compromised smolt 
development in al three  populations. Incomplete smolt transformation can  occur  when 
physiological changes associated  with smolt  development are  put  out  of  phase  with the 
manipulation of important environmental cues (Björnsson et al. 1989). By late February, 
fish that I obtained for this study had been exposed to natural increases in daylength for 
several months in their outdoor hatchery conditions. An increasing daylength from winter 
through spring is known to be the primary environmental factor that controls the timing 
and onset of smolting in yearling salmon (McCormick et al. 1987; Hoar 1988; Duston & 
Saunders 1990). Continuous daylight conditions inhibit smolting (McCormick et al. 1987; 
Sigholt et al. 1998), whereas a period of short daylength that simulates winter conditions 
is  necessary  before an increasing  daylength cue entrains the seasonal  development  of 
seawater tolerance in salmonids (Clarke et al. 1989; Thorarensen & Clarke 1989; Duston 
&  Saunders  1995;  Berge et al.  1995;  Ban  1996).  At the time  of fish transport, fish  had 
already received an increasing photoperiod signal to entrain the seasonal timing of smolt 
development and further increase their sensitivity to other environmental factors. Water 
temperature  moderates the rate of seawater tolerance  development after fish  have 
received a  photoperiod stimulus (Hoar  1988;  McCormick et al.  2002).  Elevated  water 
temperature can slightly advance smolt development (Clarke et al. 1978; Solbakken et al. 
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1994; Sigholt et al. 1998; McCormick et al. 1997; McCormick et al. 2002). In my study, 
fish were transfered from cold (approximately 4 °C for Chehalis River fish and 2.5 °C 
for  Deadman and  Salmon  River fish)  hatchery temperatures, exposed to  warming 
conditions during transport and introduced to warmer (approximately 6 °C) temperatures 
at the UNBC Aquatics Facility. The abrupt increase in water temperature after fish had 
already received seasonal entrainment from photoperiod likely stimulated slight increases 
in gil NKA activity. Many studies have reported that transfering fish to warmer water 
temperatures resulted in earlier and more rapid increases in hypo-osmoregulatory ability 
and/or NKA activity (Zaugg & McLain 1976; Clarke et al. 1978; Solbakken et al. 1994; 
Sigholt et al.  1998;  Handeland et al.  2004). Initial  water temperatures in  my study, 
however,  were colder than those in  other experiments that examined the influence  of 
warmer conditions on smolting. Constant extreme low water temperature (~2 °C) appears 
to reduce the stimulatory efect of photoperiod on smolting (McCormick et al. 2000). It is 
possible that the abrupt exposure to increased temperature  upon introduction to 
recirculation systems may have been enough to stimulate early changes, whereas constant 
cold temperatures (~ 6 °C) for several months of rearing after transport may have reduced 
the ability for fish to continue with proper smolt development thereafter. 
Stress also may be responsible for results I obtained in this experiment. Juvenile 
salmon are  more sensitive to stress when smolting,  which can influence the ability to 
complete the  par-smolt transformation.  Carey and  McCormick (1998) indicated that 
Atlantic salmon  presmolts  were  more sensitive to acute stress than  par, and smolts 
exhibited the greatest sensitivity. Additionaly, Specker and Schreck (1980) indicated that 
transport stress was most severe in coho salmon that experienced higher loading densities 
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and longer fish transports. In my study, a lengthy fish transport (approximately 8 to 10 h) 
may have been an acute stressor for al groups. Introduction to new environmental rearing 
conditions at the  UNBC  Aquatics  Facility  may  have stimulated  more chronic stress 
conditions,  particularly  when rearing  densities  were increased from a chiler  unit 
malfunction that  was folowed  by a  disease  outbreak.  Coho salmon reared at  higher 
densities exhibit poorer smolt development as judged by lower NKA activity and poorer 
hypo-osmoregulatory ability  upon seawater transfer (Schreck et al.  1985;  Patino et al. 
1986). Additionaly, fish reared at higher densities were also more susceptible to disease 
infection (Schreck et al. 1985). The disease outbreak may have occured from depressed 
immune function in response to stress (Maule et al.  1987).  Presence  of  disease in  my 
study,  however,  did  not alter  gil  NKA activity in fish compared to those that  did  not 
display disease symptoms – a finding that agrees with Mesa et al. (1999). Fish transport 
likely caused an initial acute stress response that potentialy  developed into a chronic 
stress situation when fish were introduced to new environmental rearing conditions al at 
a sensitive time during smolt development. As a result, stress may also have had a role in 
the partial smolt development in al populations in my study. 
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CHAPTER TWO – DEVELOPMENT OF SEAWATER TOLERANCE AND 
TEMPERATURE PREFERENCE IN TWO DISTINCT POPULATIONS OF COHO 
SALMON (ONCORHYNCHUS KISUTCH) 
ABSTRACT 
 I investigated physiological changes and temperature preference during smolting 
in short-distance (Chiliwack River) and long-distance (Salmon River)  migrating coho 
salmon populations in British Columbia, Canada. Biochemical and molecular indicators 
were  used to  monitor smolt  development and I  used a shutlebox system to assess 
temperature  preference.  Fish  grew  wel and  developed the  physical appearance  of 
competent smolts.  Both  populations smolted as indicated  by increases in gil Na+/K+-
ATPase activity (NKA) – an important indicator of seawater tolerance and a measure that 
did not difer between populations. mRNA expression of gil NKA isoforms α1a and α1b, 
as wel as gil growth hormone and prolactin receptors, however, did not reveal changes 
associated  with smolting – suggesting that they are  not  useful indicators  of smolt 
development in  hatchery-reared coho salmon.  Temperature  preference trials  were 
conducted  during  pre-smolt and smolt stages  of  development.  Mean temperature 
preference (16.1  ±  0.3 °C and  15.9  ±  0.4 °C for  Chiliwack and  Salmon  River fish, 
respectively) did not difer between populations and did not change throughout smolting. 
My results suggest that  hatchery-reared coho salmon smolts  do  not select temperatures 
that would be advantageous for sustaining elevated seawater tolerance during the smolt 
window.  Observed temperature  preferences,  however,  may  be advantageous for 
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stimulating smolt  development and  may  be corelated with other  physiological 
temperature optima.  
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INTRODUCTION 
In anadromous salmonids, the  par-smolt transformation, or smolting, is an 
important life stage when juveniles transition from their freshwater natal environments to 
the ocean (Hoar 1988). Juveniles undergo preparatory physiological, morphological and 
behavioural changes in order to accommodate the increased salinity when migrating into 
seawater (McCormick  &  Saunders  1987).  Among these changes, the  development  of 
increased seawater tolerance is important for survival and performance when entering the 
ocean (McCormick  2013).  Smolting is  under strong environmental influence, as 
photoperiod is responsible for timing the seasonal onset of changes (Saunders et al. 1989; 
Duston  &  Saunders  1990) and temperature acting secondarily to  moderate rates  of 
development in smolts. Warmer water temperatures are known to advance the timing of 
smolting and are also  known to reduce the  duration  of time that seawater tolerance is 
elevated (McCormick et al. 1997) – the smolt window. The efect of water temperature 
on smolting  has  been studied extensively.  The  water temperature  preference  of fish 
during smolting, however, is poorly understood. 
Water temperature is the  most important abiotic factor that influences the 
physiology,  performance and  distribution  of fish (Magnuson et al.  1979).  Ectotherms 
must control their body temperature through behaviour. Behavioural thermoregulation in 
salmon provides metabolic and energetic benefits during times when water temperature is 
suboptimal (Berman & Quinn 1991). Atlantic salmon par were observed to occupy cool 
water refugia to mitigate physiological imbalances resulting from extreme summer river 
temperatures (Breau et al.  2011).  Similarly, adult salmon  occupy cool  water refugia 
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during spawning  migrations to  minimize  physiological  disturbance from  warm river 
temperatures (Berman  &  Quinn  1991;  Mathes et al.  2010). In laboratory experiments, 
Sauter et al. (2001) found that  underyearling fal  Chinook salmon (Oncorhynchus 
tshawytscha) prefered cooler water late in the migratory period (late summer) whereas 
yearling spring Chinook salmon did not show a change in preference throughout smolting. 
Underyearling Chinook salmon were observed moving up or down in the water column 
during  movement through a reservoir,  which  may  be for the  purpose  of temperature 
selection (Tifan et al.  2009).  Temperature  may also influence the  migratory  period for 
smolts, given the relationship  between accumulated thermal  units (ATU) and the 
initiation and termination  of smolt  migration in  Atlantic (Zydlewski et al.  2005) and 
Chinook salmon (Sykes  &  Shrimpton  2010).  The temperature that coho salmon smolts 
prefer and  whether they exhibit changes in temperature  preference  during smolt 
development is  unknown.  Given that temperature  has an important role in smolt 
development, it is likely that smolts exhibit a temperature preference that maximizes their 
performance  during this critical time.  Temperature  preference  may  be an adaptation to 
down-regulate accelerated endocrine and  metabolic activity associated  with the 
development  of seawater tolerance in salmon (Sauter et al. 2001). It is also  unknown 
whether  distinct populations  of coho smolts  prefer  diferent temperatures.  Temperature 
preference  difered in two  populations  of  underyearling coho salmon  par originating 
from difering thermal environments (Konecki et al. 1995) – indicating that populations 
may be adapted to prefer diferent water temperatures based on habitats from which they 
evolved.  Temperature  preference  may  be important for  maintaining  physiological 
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seawater tolerance for populations that make longer smolt migrations to reach the ocean 
during a time when rivers are warming. 
In this experiment, I used a behavioural shutlebox system to examine temperature 
preference  during smolt  development in two  populations  of coho salmon. I  used 
condition factor (K), Na+/K+-ATPase (NKA) activity, and gene expression of gil NKA 
isoforms α1a and α1b, growth hormone receptor (GHR) and prolactin receptor (PrlR) as 
indicators  of seawater tolerance to  monitor smolt  development.  My two research 
questions for this experiment were: 1) does temperature preference during smolting difer 
among distinct populations of coho salmon with variable freshwater migration distances 
to the ocean? and 2) does temperature preference change throughout smolting in distinct 
populations  of coho salmon?  Additionaly,  based  on inconclusive results from  my first 
experiment, I also  discuss  whether  populations  difer in the  development,  duration and 
loss of seawater tolerance (first research question from Chapter One). 
METHODS 
Study populations 
 Two populations of Fraser River coho salmon were used in the experiment 
(Fig. 2.1). The populations represent fish that have short and long freshwater migration 
distances from their  natal streams to the  ocean. Chiliwack  River is approximately  125 
km to the ocean; Salmon River is approximately 650 km to the ocean. Chiliwack River is 
a tributary to the Lower Fraser River and this population is reared at the Chiliwack River 
Fish Hatchery located in Chiliwack, BC. Salmon River flows into Shuswap Lake, which 
empties into the Thompson River. The Salmon River population is reared at Spius Creek 
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Fish Hatchery located near Merit, BC. Hatchery practices are detailed in Ackerman et al. 
(2008b,c). Gametes are colected from  wild spawning adults  on spawning  grounds in 
their streams of origin or from adults that are intercepted during spawning migrations as 
they  move  past  hatcheries situated  on their rivers  of  origin. Juveniles are reared in 
hatcheries  until smolting  when they are transported  back to their rivers  of  origin and 
released in mid May at an approximate target mass of 20 g (Doug Turvey, pers. comm.; 
Ackerman et al. 2008b,c). 
Fish Transport, husbandry and sampling 
On 8 January 2016, approximately 250 juvenile salmon of Chiliwack River stock 
and  230 juvenile salmon  of  Salmon  River stock  were transported to  UNBC from the 
Chiliwack  River  Hatchery and  Spius  Creek  Hatchery, respectively.  Transport  methods 
are described in Chapter 1. Initial hatchery water temperatures were 4.8 °C and 3.6 °C at 
Chiliwack  River and  Spius  Creek, respectively.  During transport, cooling  water 
temperatures were warmed slightly with the addition of warmer wel water obtained from 
Spius  Creek  Hatchery.  Fish from each  population  were  divided equaly among three 
tanks  where each recirculating system contained  only  one  population. Initial  water 
temperatures at transfer  were approximately  5.5 °C.  Recirculating systems and fish 
husbandry are as described in Chapter One. 
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Figure 2.1. Fish hatcheries (red squares) where coho salmon (Oncorhynchus kisutch) 
juveniles were obtained. Rivers (blue lines) of broodstock origin for each population. 
 
Lighting  was controled twice  weekly  by an automatic timer  programmed to 
simulate the  natural  photoperiod for  Kamloops,  BC (~50 °N).  Water temperature  was 
maintained at approximately 5.5 °C in both recirculating systems until 19 January when 
temperature was increased approximately 0.5 °C daily until each system reached a final 
experimental temperature  of approximately  10 °C for the remainder  of the experiment. 
There were no significant diferences in mean daily water temperature between the three 
tanks containing Chiliwack River fish (ANOVA, F2,492=0.17, p=0.84) or the three tanks 
containing  Salmon  River fish (ANOVA,  F2,513=0.12,  p=0.89) – therefore, tanks  within 
each recirculating system  were averaged to  generate a  mean  daily temperature for each 
system. Although the diference in mean daily temperature between the two recirculating 
systems  was smal,  water temperature  difered significantly (ANOVA,  F1,277=441.6, 
p<0.001)  between systems containing  Chiliwack (mean  ± SD;  10.53 °C  ±  0.05) and 
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Salmon River fish (mean ± SD; 10.62 °C ± 0.06). Accumulated thermal units (ATU) on 
the final day of sampling (15 June) were 1608 and 1630 for Chiliwack and Salmon River 
fish, respectively.  Despite a statistical  diference in  mean  daily  water temperature, the 
total  diference in thermal experience  between  populations at the end  of approximately 
five  months  of rearing  was  only  22  ATU.  The subtle  diference in  ATU is a  good 
indication that fish experienced similar temperature regimes,  which is conducive to 
comparing smolt  development and  behaviour  between  populations.  Fish  were fed  Bio 
Vita 1.5-mm pelets (Bio-Oregon, Washington, USA) daily ad libitum (approximately 2% 
of the average body mass per day). 
Fish  were sampled as  described in  Chapter One.  Six fish from each  population 
were sampled immediately after transport on 8 January. Subsequently, six fish from each 
population  were sampled every ten  days from  1  February  until  11  April, then every  15 
days until 26 May, folowed by a final sample date on 15 June, for a total of 13 sampling 
dates.  Reasons  behind the  departure from the ten-day sampling interval  were  due to a 
disease outbreak in both recirculating systems. Disease symptoms were first observed in 
mid March for  Chiliwack  River fish that resulted in  mortality  of  41 fish.  As in 
experiment one, 43 fish showing observable disease symptoms were culed in that system 
on  17  March.  Similarly, in late  March,  disease symptoms  began to appear for  Salmon 
River fish, prompting the culing of 41 fish on 1 April to minimize the potential spread of 
disease. Negligible disease symptoms and mortality occured after culing. Not including 
the sudden  onset  mortalities and culed  diseased fish,  mortality in this experiment was 
less than 5%.  UNBC  Animal  Care and  Use  Commitee approved fish transport and 
sampling for experiment two (protocol 2014-14 renewed).  
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Tissue analysis 
 Analysis  of  gil  Na+/K+-ATPase (NKA),  RNA extraction, cDNA synthesis and 
qPCR analysis  were as  described in  Chapter One.  Samples chosen for qPCR analysis 
were from each population on 8 January, 11 February, 3 and 22 March, 11 and 26 April, 
11 and  26  May, and  15 June.  Samples  were  normalized to the reference  group  of 
Chiliwack  River fish  on  8 January  2016.  mRNA expression  was  determined for  NKA 
subunit α1a and subunit α1b,  Growth  Hormone  Receptor  1 (GHR), and  Prolactin 
Receptor (PrlR) as  described in  Chapter One. Mean Ct (cycle threshold) values for 
reference  genes  were  variable throughout this experiment (Appendix I).  Mean β-actin 
values were significantly diferent among dates for Chiliwack (F8,43=6.46, p<0.001) and 
Salmon  River fish (F8,45=3.46,  p=0.003).  Similarly,  mean Elongation  Factor 1α (EF1α) 
values were significantly diferent among dates for Chiliwack (F8,43=17.94, p<0.001) and 
Salmon River fish (F8,45=7.31, p<0.001). ANOVA results were similar for both reference 
genes – therefore changes in  mRNA levels for  genes are expressed relative to β-actin 
values in al analyses. 
Shutlebox setup 
Temperature  preference experiments  were conducted  using a shutlebox system 
(Appendix II; Loligo Systems, Tjele, Denmark). The shutlebox was comprised of two 
20-cm diameter circular chambers connected by an open channel (5.5 cm long by 3.5 cm 
wide). An infrared light panel placed beneath the shutlebox ensured that a Ueye 1640-C 
video camera (Imaging Development Systems, Dimbacher, Germany) mounted above the 
shutlebox could alow ShutleSoft software to track fish movements by pixel recognition 
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of the  dark fish against the light  background  during  both  daylight and  dark conditions. 
The software is designed to track fish movement as they move between the two chambers. 
A temperature  diference  of  1 °C  was  maintained  between the “warming” and the 
“cooling” chambers at al times. When fish were located in the warming chamber, water 
temperature increased in both chambers; when fish were located in the cooling chamber, 
water temperature decreased in both chambers. ShutleSoft controled water temperatures 
through a closed system comprised of a series of pumps, tubes, stainless steel coils and 
bufer tanks that  were connected to the shutlebox chambers.  The stainless steel coils 
were  placed in  warm and cold reservoirs to  warm and cool  water that  was circulating 
through the shutlebox chambers. The warm reservoir water temperature was maintained 
between  28 and  34 °C  by five aquarium  water  heaters, and the cold reservoir 
temperatures  were  maintained  between  4 and  7 °C  by a refrigeration  unit (see  Chapter 
One – Methods). There are two setings in ShutleSoft, static mode and dynamic mode, 
alowing for constant or changing water temperatures, respectively. ShutleSoft recorded 
water temperature every second in the chamber in  which the fish  was located  by 
temperature probes connected to a computer. 
During static mode, water temperature in the cooling and warming chambers was 
maintained at approximately 10 °C and 11 °C, respectively. When switched to dynamic 
mode, a  maximum temperature change rate  of  12 °C/h  was selected through several 
practice trials so that the rate of temperature change was appropriate to alow fish to learn 
how to “shutle”.  A  barier consisting  of a  wood frame and enclosed  by  black  plastic 
sheeting surounded the shutlebox to avoid  potential visual  disturbance  of fish  during 
each temperature  preference trial.  A clear lid  was  placed  on top  of the shutlebox to 
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prevent fish from jumping out during experimentation. An air stone was placed in each of 
the  bufer tanks to  maintain  optimal  dissolved oxygen concentrations  while  water 
temperatures fluctuated during temperature preference trials. 
Temperature preference trials 
Alternating  between  populations,  one fish  per  day  was transfered from a 
recirculating system to the shutlebox between 4:30 and 5:00 pm. The shutlebox system 
was initialy set  on static  mode from the time  of transfer  until  7:30 am the folowing 
morning. The static period alowed fish to recover from any potential stress of transfer, 
adjust to the shutlebox and learn to move freely between both chambers. The system was 
switched to dynamic mode from 7:30 am to 4:00 pm. The first 2.5 h of dynamic mode 
were  used as a ‘learning’  period for the fish to respond to the  water temperature  by 
moving between chambers; a ‘temperature preference trial’ was considered to be al data 
colected  between  10:00 am and  4:00  pm.  Trials  were  not conducted  during  night 
conditions because in a pilot experiment a large proportion of fish failed to shutle after 
lights turned  of.  Temperature  preference  was considered as the  median temperature  of 
the water that a fish occupied over 6 h of continuous data colection during a temperature 
preference trial.  Median temperature  was chosen to represent temperature  preference 
because  broad  plateaus in the  data  distribution  more  heavily influence the  modal  value 
and the mean value is more heavily influenced by extreme values (Schurman et al. 1991; 
Stol et al. 2013). After a trial, the fish was removed from the shutlebox and sampled as 
described in  Chapter One.  Water temperature  was changed  between each temperature 
preference trial and static temperatures were re-established prior to transfering the next 
fish into the shutlebox. 
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Temperature preference trials began with a Salmon River fish on 25 February and 
alternated daily between populations until 11 April. As a result of a disease outbreak and 
culing  of  diseased fish, fewer trials  were completed in a  given  week after  11  April to 
ensure that enough fish remained to conduct temperature  preferences throughout the 
entire smolting period. 
Statistical analysis and data handling 
Fish sampled in recirculating systems 
  Diferences in fish mass, length, condition factor,  NKA activity and  gene 
expression  were assessed  with two-way  ANOVA  using  population,  date, and their 
interaction. To satisfy statistical assumptions, mass and length data were log-transformed 
and NKA data were square root-transformed (Sykes & Shrimpton 2010). Tukey’s post-
hoc test was used to assess diferences for significant main efects or interactions when 
present. NKA activity from one fish on the final sample date was removed due to a poor 
trace from the micro-plate reader. 
Shutlebox experiments 
For each temperature  preference experiment, temperature  data  were  ploted and 
visualy assessed to ensure that fish moved between both chambers of the shutlebox with 
regularity. There were a variety of diferent paterns identifiable in the temperature traces 
among temperature preference trials. Most fish shutled regularly with short stints where 
shutling ceased, causing fish to experience short  durations  of increasing  or  decreasing 
temperatures (Appendix I panel A). Several fish exhibited extremely frequent shutling 
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behaviour within a very narow temperature range (Appendix I panel B), in contrast to a 
few fish that shutled infrequently but within a consistent temperature range (Appendix I 
panel  C). If a fish  had  not shutled for at least two continuous  hours (33% of the total 
length of the trial) of any portion of the temperature preference trial (six hours), then data 
for that fish were excluded from the analysis. Reasoning behind excluding these data was 
that  on several  occasions fish  got stuck  on the  water intake  of the shutlebox,  which is 
likely why some fish failed to shutle within a two-hour period. The majority of excluded 
shutlebox data were from fish that had not shutled for at least half of their time spent in 
the shutlebox during data colection. Excluded data represented fish that never shutled 
(Appendix I panel D), stopped shutling partway through a trial (Appendix I panel E) or 
had not begun shutling until late in the data colection period (Appendix I panel F). In 
total, data for 15 fish (16% of experiments) were excluded from temperature preference 
analysis. Temperature preference for each fish was calculated as the median temperature 
of the  water that a fish  occupied every second  over six  hours  of continuous  data 
colection.  
Mass, length, condition factor, and temperature  preference  of fish  used in 
shutlebox experiments were examined with ANCOVA using population as a categorical 
variable and  day as a continuous  variable.  Al categorical factors  were tested for 
homogeneity  of slopes  prior to statistical analysis – satisfying this assumption for 
ANCOVA. The non-significant interaction with day was removed prior to final analysis. 
Mass and length data were not transformed. To assess NKA activity, fish were grouped 
into  pre-smolts and smolts  based  on activity  values from sampling  of fish in the 
recirculation systems.  The  pre-smolt  group  was  based  on  NKA activity  up to  11  April, 
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when activities  had  not  yet increased significantly since January; the smolt  group  was 
based on elevated NKA activity after 11 April until the end of the experiment. Two-way 
ANOVA  was  used to assess  diferences in  NKA activity  of fish  used in shutlebox 
experiments  using  population,  group and their interaction.  NKA data  were square root-
transformed. Residual normality and homogeneity of variance were assessed by visualy 
examining residual plots. Significance was considered at α<0.05. Al statistical analysis 
was conducted with R (R Core Team, 2014). 
RESULTS 
Fish sampled in recirculating systems 
Fish exhibited significant  growth throughout the experiment;  Chiliwack  River 
fish were consistently larger than Salmon River fish (Fig. 2.2). Significant diferences in 
mass were atributed to  population (F1,130=82.2,  p<0.001),  date (F12,130=23.3,  p<0.001) 
and their interaction (F12,130=2.1, p=0.02), whereas significant diferences in length were 
only atributed to  population (F1,130=100.5,  p<0.001) and  date (F12,130=25.1,  p<0.001). 
Chiliwack River fish were significantly heavier than Salmon River fish from the onset of 
sampling  until  2  February (p<0.001).  Relative to their respective  mean mass  when first 
sampled after transport from the  hatchery,  Chiliwack  River fish  were significantly 
heavier  by  26  April (p=0.02) and Salmon  River fish  were significantly  heavier  by  2 
March (p=0.005).  For length,  Chiliwack  River fish  were significantly longer than 
Salmon  River fish (p<0.001) throughout the experiment and fish  generaly achieved 
significantly greater length by 2 March (p=0.006) compared to the initial sampling date.  
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Despite some  variability in the  population-specific trends in condition factor 
throughout this experiment (Fig. 2.3), significant diferences were only atributed to date 
(F12,130=2.1,  p=0.02).  Fish  had a significantly  higher condition factor  on  22  March 
compared to  1  February (p=0.03). Generaly,  K increased in  Salmon  River fish after 
transfer and then  declined, in contrast to Chiliwack  River fish that did  not show  much 
change throughout the study. 
NKA activities were low from the onset of sampling and became elevated in late 
April. Folowing a period of high values, NKA activities decreased for both populations 
at the end of the experiment (Fig. 2.3). Significant diferences in NKA activity were only 
atributed to  date (F12,129=18.3,  p<0.001).  NKA activity was significantly  higher on  26 
April, 11 May and 26 May than al earlier dates (p<0.001). NKA at the end of the study 
was significantly lower than 26 May (p=0.03). 
Changes in expression for gil NKA subunits α1a and α1b varied throughout the 
experiment and exhibited a similar  patern  between  populations (Fig. 2.4 and  Fig. 2.5). 
Significant diferences were atributed to the interaction between population and date for 
α1a (F8,88=2.62, p=0.01) and α1b (F8,88=2.16, p=0.01). There were no diferences in α1a 
(p>0.32)  or α1b (p>0.49) expression  between  populations  within each  date.  Chiliwack 
fish  had  variable α1a expression throughout the study, although this  variation  was  not 
significant across date. A significant increase in α1b expression did occur for Chiliwack 
River fish in mid April (p<0.03).  For  Salmon  River fish, α1a (p<0.002) expression 
became significantly elevated in  April and  both α1a (p<0.02) and α1b (p<0.03)  were 
elevated late in the experiment. 
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Gil  GHR and  PrlR expression  generaly remained relatively  unchanged 
throughout the study (Fig. 2.4 and Fig. 2.5). Significant diferences were atributed to the 
interaction  between  population and  date for  GHR (F8,88=7.62,  p<0.001) and  PrlR 
(F8,88=4.25, p<0.001).  Expression  was  higher in  Chiliwack compared to  Salmon  River 
fish for GHR (p<0.001) and PrlR (p=0.01) on the first sample date immediately after fish 
transport  but  not  on any  other  date. In  Chiliwack  River fish,  GHR expression  was 
highest  on the first sample  date compared to al  other  dates (p<0.001), and a  marked 
decrease in PrlR expression was evident at the end of the experiment (p<0.01). Salmon 
River fish exhibited elevated  GHR expression  on the final sample  date compared to  11 
February (p=0.02) and there were no significant changes in PrlR expression throughout 
the experiment. 
Shutlebox experiments 
 For fish used in shutlebox experiments, Chiliwack River fish were significantly 
heavier (F1,76=16.0,  p<0.001) and longer (F1,76=26.4,  p<0.001) than  Salmon  River fish 
(Fig. 2.6).  Fish mass (F1,76=16.5,  p<0.001) and lengths (F1,76=40.1,  p<0.001) increased 
throughout the shutlebox experiments.  Condition factor  was  not significantly  diferent 
between  populations (F1,76=2.6,  p=0.1)  but  did  decline over time (F1,76=31.9,  p<0.001; 
Fig. 2.6).  NKA activity  difered  by  group for fish  used in shutlebox experiments (Fig. 
2.6).  NKA activity  was significantly  higher in smolts than  pre-smolts (F1,75=37.7, 
p<0.001)  but  did  not  difer  between  populations (F1,75=0.71,  p=0.29).  Temperature 
preference was consistent throughout the shutlebox experiments (Fig. 2.7). Temperature 
preference  did  not  difer  between  populations (F1,76=0.12,  p=0.73) and  did  not change 
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over time (F1,75=2.25, p=0.14). Mean temperature preference was 16.1 °C ± 0.3(SE) for 
Chiliwack River fish and 15.9 °C ± 0.4(SE) for Salmon River fish. 
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Figure 2.2. Mass and length of Chiliwack River and Salmon River coho salmon 
(Oncorhynchus kisutch) sampled from the recirculating systems. Open symbols indicate 
fish sampled immediately after transport from their hatcheries. For mass, an asterisk 
indicates that populations difered on that date and lower case leters indicate the first 
date when fish from each population difered significantly from the respective hatchery 
mass (first sampling date). For length, uppercase leters indicate overal population 
diference in length and lower case leters indicate the first date when fish difered 
significantly from their respective hatchery lengths. Not al significant diferences are 
shown to simplify presentation. Al points are n=6 and mean ± SE.  
Wei
ght
 (g
)
0
5
10
15
20
25
30 Chiliwack
Salmon 
b
b
Date
Jan Feb Mar Apr May Jun Jul 
Len
gth
 (
mm
)
70
80
90
100
110
120
130
140
* *
a
b
A
B
a
aMas
s (
g)
 
72 
 
Figure 2.3. Condition factor and gil Na+/K+-ATPase activity (NKA) of Chiliwack River 
and Salmon River coho salmon (Oncorhynchus kisutch) sampled from recirculating 
systems. Open symbols indicate fish sampled immediately after transport from their 
hatcheries. For condition factor (K), lower case leters indicate that values of fish difered 
significantly for the specific dates. For NKA, lower case leters indicate the dates when 
activities difered significantly from values of fish from the respective hatchery activities 
(first sampling date). Not al significant diferences are shown to simplify presentation. 
Al points are n=6 and mean ± SE, except on the final sample date of NKA for Salmon 
River (n=5). 
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Figure 2.4. Expression of gil Na+/K+-ATPase (NKA) subunits α1a and α1b, Growth 
Hormone Receptor 1 (GHR), and Prolactin Receptor (PrlR) in Chiliwack River coho 
salmon (Oncorhynchus kisutch) sampled from recirculating systems. An asterisk denotes 
that populations difered significantly for that gene and date. Points with common 
lowercase leters did not difer between dates for each gene, respectively. Points without 
leters did not difer. mRNA expression is relative to Chiliwack River on the first sample 
date (dashed line). Al points are n=5-6 and mean ± SE.  
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Figure 2.5. Expression of gil Na+/K+-ATPase (NKA) subunits α1a and α1b, Growth 
Hormone Receptor 1 (GHR), and Prolactin Receptor (PrlR) in Salmon River coho salmon 
(Oncorhynchus kisutch) sampled from recirculating systems. An asterisk denotes that 
populations difered significantly for that gene and date. Points with common lowercase 
leters did not difer between dates for each gene, respectively. Points without leters did 
not difer. mRNA expression is relative to Chiliwack River on the first sample date 
(dashed line). Al points are n=5-6 and mean ± SE. 
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Figure 2.6. Mass, length, condition factor, and gil Na+/K+-ATPase activity (NKA) of 
Chiliwack River and Salmon River coho salmon (Oncorhynchus kisutch) used in 
shutlebox experiments. For mass, length, and condition factor, presence of a line 
indicates a significant time covariate and similar line type denotes that populations did 
not difer. Sample size was n=37 for Chiliwack River and n=42 for Salmon River. For 
NKA, difering lowercase leters denote significant group diferences. Sample size was 
n=19 for Chiliwack River pre-smolts, n=18 for Chiliwack River smolts, n=20 for 
Salmon River pre-smolts, and n=22 for Salmon River smolts. Bars represent mean ± SE. 
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Figure 2.7. Temperature preference of coho salmon (Oncorhynchus kisutch) used in 
shutlebox experiments from Chiliwack River and Salmon River populations. Points 
represent mean median temperature of water occupied by individual fish measured every 
second for six continuous hours of shutling in temperature preference trials. Sample size 
was n=37 for the Chiliwack River population and n=42 for the Salmon River population. 
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DISCUSSION 
 During the  par-smolt transformation, juvenile salmon  have a limited  period  of 
time where they are capable of tolerating the increased salinity associated with migration 
into seawater – a  physiological change that is strongly influenced  by temperature.  My 
study  has shown that the “smolt  window”  does  not  difer  between two  diferent coho 
salmon populations: smolts from the Chiliwack River that do not have far to migrate to 
the ocean and smolts from the Salmon River population that must migrate a long distance 
to the ocean. Very subtle diferences in the smolt window, however, may have not been 
detected  with the resolution in the sampling interval  used. My study also showed that 
temperature  preference  during the “smolt  window”  did  not  difer from  pre-smolt 
temperature  preference and that temperature  preference  does  not change throughout 
smolting. Consequently, juvenile coho salmon do not appear to prefer water temperatures 
that would prolong the smolt window. 
Does fish size mater? 
 Chiliwack River fish were larger than Salmon River fish at the beginning of the 
experiment and they remained consistently larger throughout the study.  Water 
temperature was warmer at the Chiliwack River Fish Hatchery compared to Spius Creek 
Fish  Hatchery  during  winter rearing  prior to fish transport.  Early  growth at the  UNBC 
Aquatics Facility, however, was greater in Salmon River fish as they were significantly 
heavier than their hatchery mass in early March; the Chiliwack River fish did not atain a 
mass that were significantly heavier than their hatchery mass until late April. The reason 
for early  growth  diferences  was likely  due to  variable feeding  habits  between the 
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populations.  Chiliwack  River fish appeared to take longer to adjust to the  new rearing 
environment after transport than Salmon River fish. I observed more food waste and less 
aggressive feeding  behaviour for  Chiliwack  River fish compared to  Salmon  River fish 
that fed readily from the  onset  of rearing.  Early  diferences in feeding also likely 
contributed to the increased K that was evident in the Salmon River population prior to 
increases in  NKA activity.  Salmon  River fish exhibited an increase in  K folowed  by a 
decrease thereafter – a physical indicator of smolt development (McCormick & Saunders 
1987;  Hoar  1988).  After a few  months  of rearing, fish from  both  populations exhibited 
similar feeding  behaviour.  Diferences in size  did  not influence smolt  development  of 
NKA activity as fish from both populations reached the size threshold (i.e. approximately 
80 mm) suggested for successful smolting in salmonids (Ewing et al. 1979; Hoar 1988; 
see also McCormick 1994). 
Onset of smolting 
 NKA activity  was low for the first few  months  of rearing folowed  by  marked 
increases in late April for both Chiliwack River and Salmon River populations. Elevated 
activity  persisted through  May and  decreased in June. Fish from  both  populations 
smolted as was evident in the increases in gil  NKA activity (McCormick  &  Saunders 
1987; Hoar 1988; Duston et al. 1991; McCormick et al. 1999). Gil NKA activity of fish 
in  my experiment  was consistent  with  values commonly found in  par and smolts from 
several  other studies  on coho salmon (Ojima  & Iwata  2007; 2010;  Harada et al.  2008) 
that also  used the  microassay  of  McCormick (1993)  developed on Atlantic salmon. I 
found  no  population  diferences in the  development,  duration  or loss  of  NKA activity. 
My results are in general agreement with several other studies that have measured NKA 
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activity throughout smolting in  diferent strains  of  Atlantic salmon reared in common 
garden conditions.  No strain  diferences  were evident in  gil  NKA activity for  Atlantic 
salmon smolts in freshwater  or after their transfer to seawater (Singer et al.  2002; 
Handeland et al.  2003),  which likely indicates that environment is  driving the 
development of NKA activity. In another study on five strains of Atlantic salmon smolts 
reared in common  garden conditions, the  patern  of  development,  duration, and loss  of 
NKA activity was strikingly similar for five strains (Neilsen et al. 2001). The timing of 
development to  peak  NKA activity,  however,  difered for two  out  of the five strains, 
which coresponded to migratory timing when fish were released into a river in a related 
field study. Nielsen et al. (2001) suggested that genetic factors were responsible for strain 
diferences in the timing  of  NKA activity  development as al strains experienced the 
same  hatchery conditions and  originated from rivers  with similar environmental 
conditions.  Life  history strategy also appears to influence seawater tolerance 
development as anadromous fish show increased NKA activity associated with smolting 
compared to non-anadromous Atlantic salmon and rainbow trout (Birt et al. 1991; Yada 
et al.  2014).  Similarly,  Chinook salmon juveniles exhibited  variability in seawater 
tolerance  between  populations that  migrate to the estuary at  diferent times  of the  year 
(Taylor  1990;  Clarke et al.  1992).  Altogether, there is evidence for  both environmental 
factors as  wel as  genetic factors  governing the  development  of seawater tolerance in 
diferent  populations/strains  of anadromous salmonids.  The lack  of  diference in  NKA 
activity for smolts in  my study indicates that environmental factors rather than  genetic 
diferences are likely responsible for this trait in coho salmon. In  my experiment, 
however, an increased sampling interval after  11  April  may  have reduced the  potential 
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ability to detect more subtle time-related changes in NKA activity between populations, 
which may be true for other studies as wel.  
Loss of smolting 
It has ben proposed that thermal experience is important for the duration of the 
smolt  window in salmonids (McCormick et al.  1997). Degree-days or ATU have been 
used to assess thermal history and to relate water temperature to the duration of the smolt 
window. McCormick et al. (1997) estimated a period of 100-200 degree-days after peak 
NKA activity  before activity  decreases in  Atlantic salmon smolts.  Total  ATU for the 
duration of elevated NKA activity in my experiment was 317 and 319 for Chiliwack and 
Salmon  River fish, respectively. Although there  was  no  distinct  peak in  NKA activity, 
calculating  ATU from the mid date  of elevated activity  would result in approximately 
150  ATU  before activity  declined,  which is in close agreement  with  McCormick et al. 
(1997).  Total  ATU for the  duration  of the smolt  window in  my study is also in close 
agreement to that found in  other studies  on  Atlantic salmon.  Handeland et al. (2004) 
found that elevated  NKA activity  persisted for approximately  250 degree-days in two 
diferent strains  of  Atlantic salmon reared  on several  diferent temperature regimes. 
Similarly, Stefansson et al. (1998) indicated a smolt window of 280 and 350 degree-days 
for  Atlantic salmon reared at  12 °C and  10 °C, respectively.  Slight  diferences in  ATU 
between studies could  be  due to the sampling interval  used to calculate  ATU, species 
and/or  population  diferences.  Generaly,  my results support the  model that  ATU 
influence the  duration  of elevated  NKA activity associated  with  physiological seawater 
tolerance in coho salmon smolts (McCormick et al. 1997). The similarity between ATU 
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during elevated  NKA activity in  my study compared to  other studies is evidence that 
thermal experience is defining the smolt window. 
Other indicators of smolting 
 The increase in gil NKA activity during smolting in salmonids is characteristic of 
chloride cels in the  gil transitioning from a freshwater-type to seawater-type (see 
McCormick 1995). It has been demonstrated that gil NKA α-subunit mRNA expression 
increases prior to the elevation of NKA activity upon transfer to seawater in brown trout 
(Salmo truta) (Madsen et al.  1995;  Seidelin et al.  2000).  Studies  have since reported 
down regulation  of  NKA subunit α1a and  up regulation  of α1b  while fish are stil in 
freshwater, as  wel as in response to acclimation to seawater for several salmonids 
(Richards et al. 2003; Bystriansky et al. 2006; Nilsen et al. 2007; Stefansson et al. 2007; 
Nilsen et al. 2008; Madsen et al. 2009; Kilerich et al. 2011; Flores & Shrimpton 2012). 
This  patern  of reciprocal expression for the  NKA α1 isoforms is consistent  with their 
reported function in ion-regulation in freshwater and seawater, respectively (Richards et 
al.  2003; also see  McCormick et al.  2009).  The results  of  my study,  however, indicate 
that coho salmon  do  not exhibit reciprocal expression  of the  NKA α1 isoforms during 
freshwater smolt development. NKA α1a and α1b isoforms in both populations exhibited 
similar increases in expression just  prior to significant increases in  NKA activity, 
suggesting that smolt-related changes  were  occuring.  Coho salmon, therefore,  may 
maintain  or increase expression for  both isoforms  during smolting to  preserve their 
hyper-osmoregulatory ability  while stil in freshwater as they  prepare  mechanisms for 
adapting to seawater, as  was suggested  by  Young et al. (1989) in their findings for 
plasma  prolactin and  growth  hormone concentrations.  Despite statisticaly significant 
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diferences in  NKA α1 isoform expression, the  overal  patern  of isoform changes 
appeared to miror changes in the reference gene β-actin (Appendix I). It is possible that 
there were no significant changes in expression throughout smolting for fish in my study. 
A lack of change would agree with Grant et al. (2006) that no changes occur in gil NKA 
α1a and α1b expression in smolting Chinook salmon held in freshwater. These authors, 
however, did indicate that α1a and α1b were expressed higher in freshwater and seawater, 
respectively – suggesting salinity-mediated  diferences, rather than developmental 
diferences.  This evidence indicates that  not al salmonids may show a reciprocal 
expression of the NKA α1 isoforms during freshwater smolt development. It appears that 
Chinook and  perhaps coho salmon likely require changes in salinity to stimulate 
reciprocal changes in expression of the NKA α1 isoforms. 
Expression of gil GHR and PrlR for coho salmon in my study showed very litle 
or  no change  over the course  of the experiment.  Previously, increases in  gil  GHR 
expression were reported to paralel increases in NKA activity in Atlantic salmon smolts 
in freshwater (Kilerich et al. 2007; Stefansson et al. 2007; Nilson et al. 2008). Gil PrlR 
expression decreased (Kilerich et al. 2007) or remained unchanged (Nilsen et. al 2008) 
throughout smolting in Atlantic salmon. My results are generaly inconsistent with those 
reported in Atlantic salmon as  both  Chiliwack and  Salmon  River coho salmon smolts 
exhibited no changes in GHR or PrlR expression that are consistent with smoltification. I 
found a significant  diference in  GHR and  PrlR expression  between  populations upon 
sampling after transport from the  hatchery,  which  may  be atributed to  difering 
environmental conditions  prior to transport.  A  general lack  of  overal change in 
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expression in gil tissue of coho salmon compared to findings for Atlantic salmon could 
be due to species diferences. 
Temperature preference 
Water temperature  moderates the rate  of smolt  development in response to the 
photoperiod cue (Hoar 1988; McCormick et al. 2002). Elevated water temperatures have 
been shown to slightly advance the timing of smolting (Clarke et al. 1978; Solbakken et 
al.  1994;  Sigholt et al.  1998;  McCormick et al.  1997). Increasing  photoperiod and 
increasing water temperatures act synergisticaly to stimulate gil NKA activity (Muir et 
al. 1994). A preference for warmer water temperature would alow smolts to accelerate 
and enhance the  development  of seawater tolerance in  preparation for  migrating to the 
ocean. Elevated water temperatures, however, also advance the loss of smolting (Zaugg 
&  McLain  1976;  Duston et al.  1991;  McCormick et al.  1997;  McCormick et al.  1999). 
Selecting for cooler water during the smolt window, therefore, would preserve gil NKA 
activity and seawater tolerance (Sauter et al. 2001), thereby increasing the duration of the 
smolt window. In my study, mean temperature preference was 16.1 °C and 15.9 °C for 
Chiliwack and Salmon River fish, respectively – and did not difer with time for either 
population. These prefered temperatures are similar to temperatures that have previously 
been reported to accelerate increases in  NKA activity and also abbreviate the smolt 
window in coho salmon (Zaugg  &  McLain  1976). Prefered temperatures in  my study 
also are similar to  mean  prefered temperature of  16.7 °C found for  yearling  Chinook 
salmon smolts (Sauter et al. 2001). 
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A lack  of  diference in temperature  preference among  populations agrees  with 
Sikavuopio et al. (2014), who  used the same shutlebox to examine temperature 
preference in four populations  of  Arctic char (Salvelinus alpinus).  The char originated 
from environments  with  distinct  prevailing thermal conditions  but  were al reared in 
hatchery temperatures close to 4 °C. There were no population diferences in temperature 
preference (10.9 °C to 11.6 °C),  which was similar to the temperature  preference 
previously reported for  Arctic char (Larsen  2005;  Mortensen et al.  2007).  Temperature 
preference,  however, difered between two  populations  of  underyearling coho salmon 
(Konecki et al. 1995).  These  populations  originated from two rivers  with  difering 
thermal conditions,  but  were reared in the same  hatchery conditions. The  diference in 
temperature  preference  between the two groups of  underyearling coho (9.6 °C versus 
11.6 °C)  was consistent  with the thermal conditions  of their rivers  of  origin – though 
preferences were highly variable. Contrasting findings between my study and Konecki et 
al. (1995) may be due to ontogenetic diferences as they examined underyearlings or due 
to seasonality as time  of  year also  difered in each study (McCauley  &  Huggins  1979; 
Mortensen et al. 2007). 
Temperature preference did not change throughout smolting for either Chiliwack 
or Salmon River fish. My findings are in agreement with Sauter et al. (2001), where there 
was no change in the temperature preference of yearling spring Chinook salmon during 
smolting.  Temperature  preference,  however, decreased from  May to  August for 
underyearling fal  Chinook salmon that  migrate to the  ocean later in the  year and at an 
earlier age.  These authors speculated that a  diference  between  ocean and estuarine 
temperatures that exists in late summer and not in the spring served as an orientation cue 
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for fal  Chinook salmon to select  decreased temperatures compared to spring Chinook 
salmon (Sauter et al. 2001). 
 The  disconnect  between  prefered temperatures in  my study and cooler 
temperatures that  would  prolong elevated  NKA activity indicate that temperature 
preference does not appear to be a behaviour that is employed by smolts to elongate the 
smolt  window.  Rather, it  may  be  diferences in  behaviour that  determine  how smolts 
reach the  ocean  during their smolt  window.  Studies  have shown  variable  behaviour  of 
smolts  during  downstream  migration. In longer rivers, smolt  migration seems to  be 
uninterupted  once initiated (Welch et al.  2009). In shorter rivers,  however, evidence 
indicates that smolt  migration is interupted  by  periods  of  holding in low  velocity 
sections (Moser et al.  1991).  Melnychuk et al. (2010) found that regardless  of  variable 
downstream migration distances (<100 km or up to 410 km), tagged smolts from several 
species of salmonids reached the mouth of the Fraser River in less than 15 days – which 
is wel within the time frame of the smolt window observed in my study (i.e. ~ 30 days at 
10 °C).  These authors suggested that smolts  migrating longer  distances in the  Fraser 
River traveled faster, likely  due to the increased flow rates. This  patern  may  be 
consistent among  Pacific salmon. Estimated travel speeds  of tagged sockeye salmon 
smolts exiting  Cultus  Lake through to the  Lower  Fraser  River (approximately 110 km) 
were  between  15.5 and  28.5  km/day,  during  which fish reached the estuary in several 
days (Welch et al.  2009). Sockeye smolts from  Chilko  Lake typicaly  migrated 
approximately 680 km to the Fraser River estuary in less than 10 days (Clark et al. 2016). 
For fish that  must travel  greater  distances  downstream, it is likely that the  migratory 
urgency to reach the estuary  while seawater tolerance is  high  overides temperature 
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preference  behaviour to seek temperature refugia to  preserve seawater tolerance.  For 
shorter  distance  migrators, short  periods  of  holding  behaviour  have  been  demonstrated, 
although, duration  of the smolt  window may  not  be a  problem as they can reach the 
estuary in several  days. It appears that there is a  great  deal  of  variability in smolt 
behaviour driving outmigration and regional diferences indicate that distinct populations 
are adapted to diferent environmental cues (Spence & Dick 2014). 
Interestingly, temperature  preferences  of  15.9 °C and  16.1 °C in  my study 
corespond wel to other reported physiological temperature optima for juvenile salmon – 
which indicates that fish prefer temperatures based on criteria other than smolting. Bret 
(1971) found that a  variety  of  physiological systems in juvenile sockeye salmon, 
including temperature preference and tolerance, circulation, metabolic rate, performance 
and  growth, al  point to an  optimal temperature  near  15 °C.  Similarly, a  maximum 
aerobic scope at  17 °C and an  optimal  window for aerobic scope (90%  of  maximum) 
between  15.4 °C and  18.4 °C were measured in coho salmon  of similar size and age 
(Casselman et al.  2012;  Antila et al.  2013).  The  optimal temperature for  growth in 
juvenile sockeye salmon and post-smolt coho salmon was found to be approximately 15 
°C (Bret et al.  1969;  Edsal et al.  1999).  My results support a common  patern found 
among a  diversity  of fish species that there is a close relationship  between temperature 
preference and optimal temperature for  growth (Jobling  1981;  McCauley  &  Casselman 
1981). It is appropriate that smolts  would select for  water temperatures that enhance 
growth since one of the benefits of ocean residence is to take advantage of the increased 
growth  opportunity (Sandercock  1991).  The temperature  optima for smolting in 
salmonids is  generaly lower than that for  growth (McCormick et al.  1997).  Smolts 
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appear to exhibit  preference for  water temperature that  optimizes growth and 
performance rather than temperature that is advantageous to  preserving seawater 
tolerance. Presmolts and smolts may also prefer warmer temperatures that could provide 
a stimulatory efect  on the  development  of seawater tolerance as they are  preparing to 
smolt. 
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EPILOGUE 
My investigation of whether populations of coho salmon smolts difer in several 
aspects  of smolt  development revealed interesting findings. In  my first experiment, I 
examined development of seawater tolerance in three distinct populations that were each 
reared at three diferent temperatures. In my second experiment, I reared two populations 
at  one temperature to examine  diferences in the smolt  window.  Unfortunately, al 
populations in my first experiment did not appear to fuly develop physiological changes 
that are associated  with smolting.  As suggested  by  gil  NKA activity, condition factor, 
and several genes that have previously indicated smolt development in other salmonids, 
the fish did not appear complete the par-smolt transformation. In my second experiment, 
however, the two  populations smolted as indicated  by changes in  NKA activity. In 
evaluating results from  both experiments,  whether fish smolted  or  not, generaly there 
were no diferences in the responses examined among populations. It appears, therefore, 
that distinct populations of coho do not difer in their smolt development when reared in 
common conditions. Further studies including  more  populations  of coho salmon 
representing  wider  geographic  distribution are  waranted to elucidate  how  populations 
difer in their  development,  duration and loss  of seawater tolerance across their  natural 
range. 
A second research  question that I intended to address from  my first experiment 
was relative to the influence  of temperature  on smolt  development among  populations. 
Since fish  did  not smolt completely, I  was  unable to  determine  whether three  diferent 
rearing temperatures had a diferent influence on smolt development among populations. 
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Given that al  populations appeared to respond similarly  within each experiment, I 
suspect that the response to temperature would have been similar for al populations. A 
temperature influence on smolting that difers among populations would have important 
implications on how distinct groups may respond to environmental changes, particularly 
if the  projected changes for the  Fraser  River  occur (see  below).  Further research is 
needed. 
The  populations that I examined for  my thesis represent the range  of  migration 
distances for coho salmon in the  Fraser  River  watershed fairly  wel.  There are a few 
populations that migrate further than the Salmon River population, but most are shorter 
distance migrators, with many coastal populations that are even closer to the ocean than 
the  Chehalis  or  Chiliwack  River fish.  The duration  of the smolt  window for the short- 
and long-distance migrating populations in Chapter Two was approximately 30 days (at 
10 °C water temperature, or 300 ATU) and lasted from late April to late May. The timing 
of smolting in  my study  generaly agrees  with the timing for smolting in coho salmon 
(Sandercock 1991) and also coresponds to typical May releases of coho smolts that are 
based  on  historical timing  of  wild smolt  outmigration (Doug  Turvey,  pers. comm.; 
Ackerman et al. 2008a,b.c). Tagging studies indicate that coho can migrate distances up 
to 400 km to the estuary in less than 15 days and shorter distance migrators (<100 km) 
usualy less than 10 days (Melnychuk et al. 2010). Similarly, sockeye smolts migrate up 
to approximately 680 km within 10 days of release (Clark et al. 2016). Longer distance 
migrators also appear to travel at faster rates  down the  Fraser  River, likely  due to the 
increased mainstem flows during spring freshet (Melnychuk et al. 2010). Taken together, 
smolts from longer  distance  migrating  populations should  be able to reach the Fraser 
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River estuary within the duration of the smolt window – assuming they initiate migration 
at the beginning of the window. For populations such as Salmon River fish in my study 
that must migrate through lake habitat, however, migration to the estuary is likely to take 
longer. Additionaly,  older and larger smolts tend to  migrate slightly earlier in the 
smolting  period than  younger and smaler fish (Sandercock  1991). The  duration  of the 
smolt  window  may result in a loss  of seawater tolerance for longer  distance  migrating 
populations or for fish that initiate  migration later in the smolt  window,  particularly as 
rivers are  warming.  Fish  may  mitigate loss  of seawater tolerance  by  migrating earlier 
(McCormick et al. 1997). However, recent work on sockeye salmon suggests that fish are 
leaving their juvenile rearing  habitats as competent smolts (Basset 2015).  Projected 
increases in  mean flow for the  Fraser  River (Morison et al.  2002;  Ferari et al.  2007) 
may benefit smolt  migration, whereas projections  of earlier and reduced  peak flows 
(Morison et al.  2002;  Ferari et al.  2007)  may  put freshet conditions  out  of sync  with 
smolt  migration timing,  which  predominantly  occurs in  May through June (Sandercock 
1991). A lack of population diference and an abbreviated smolt window with warming 
rivers may adversely influence the likelihood of juveniles reaching estuaries as competent 
smolts for longer distance migrating populations, smolts that initiate migration too late, or 
for smolts that are released too late from hatcheries. 
In  my second experiment, I also examined temperature  preference in two 
populations  of coho salmon.  Fish from  both  populations  prefered similar  mean 
temperatures  of  15.9 °C and  16.1 °C.  Additionaly, as fish  developed from  pre-smolts 
into smolts, there  were  no changes in  prefered temperatures for either  population.  The 
lack  of  population  diference in temperature  preference also supports  my earlier 
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comments that  diferent coho salmon populations  do  not  difer in their smolt 
development  when they are exposed to the same environmental conditions. 
Thermoregulatory  behaviour  has  been  observed in  both adult and juvenile salmon 
(Mathes et al. 2010; Breau et al. 2011). Pre-smolts and smolts from both populations in 
my study prefered water temperatures that have previously been shown to abbreviate the 
smolt window in coho salmon (Zaugg & McLain 1976). Prefered temperatures of 16 °C 
in  my study are  much  warmer than that  which is typicaly  present in the  natural 
environment  during smolting in the  Fraser  River. Water temperatures in the  Lower 
Thompson and Lower Fraser River’s generaly begin to consistently reach 10 °C in May. 
Water temperature during smolting, therefore, does not appear to be a selective pressure 
on  behaviour that  wil  benefit  development  of seawater tolerance.  Coho smolts  do  not 
appear to prefer temperatures that wil be advantageous for prolonging the smolt window. 
Several  molecular indicators  of smolt  development that  have  been identified in 
other salmonids  do  not appear to  be  good indicators for hatchery-reared coho salmon. 
Gil expression of two isoforms of the important osmoregulatory enzyme NKA, α1a and 
α1b, as wel as hormone receptor expression for GH, cortisol and prolactin do not appear 
to  be  useful indicators  of smolt  development in coho salmon.  Generaly,  genes  did  not 
display expression paterns suggestive of seawater tolerance development. One possible 
explanation could be that if fish had already been partialy stimulated to smolt prior to the 
onset  of sampling in  Chapter  One, then further changes in  gene expression  may  not  be 
detected since par would not have been sampled. It is also possible that changes in the 
reference gene reduced the ability to detect changes in expression of target genes. Also 
possible is that when fish are stil in fresh  water these  genes  do  not  vary enough in 
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expression to  be reliable indicators  of smolt  development in coho salmon,  which is 
generaly supported  by  my second experiment (see  Chapter  Two) and also  work  on 
Chinook salmon smolts (Grant et al. 2006). In my second experiment, gil GHR and PrlR 
expression did  not change  during smolting,  whereas subtle increases in  both gil NKA 
α1a and α1b were evident close to the onset of increases in NKA activity. This finding 
indicated that smolt-related changes in expression were occuring, but the response was 
not a reciprocal expression  between isoforms as  has  been  previously shown. Again, a 
variable reference gene in my second experiment may have reduced the ability to detect 
more subtle changes in target gene expression. Another explanation for my findings may 
be atributed to the rearing environment as  hatchery-reared salmonids  generaly exhibit 
dampened smolt-related changes compared to their wild counterparts (McCormick  & 
Björnsson  1994;  Shrimpton et al.  1994a,b;  Björnsson et al.  2011).  Shrimpton et al. 
(1994a,b) showed that hatchery-reared coho salmon smolts exhibited lower NKA activity, 
lower seawater tolerance, lower corticosteroid receptor concentration in the  gil and a 
lower surge of plasma cortisol in comparison to wild smolts. The rearing environment in 
my study, therefore, may have suppressed detectable molecular changes and reduced the 
utility of these genes as indicators of seawater tolerance development in hatchery-reared 
coho salmon.  Al  populations in each experiment exhibited similar trends in  NKA and 
gene expression,  which indicates that environmental factors rather than  genetic 
diferences influenced smolt  development. In future research, it  would  be interesting to 
compare  hatchery- versus  wild-reared coho salmon smolts to elucidate  how rearing 
history influences  physiological and  molecular indicators  of smolt  development among 
populations.  The  use  of additional reference  genes should  be explored in future studies 
93 
 
that  use  gil tissue from coho salmon to  determine if there are  more suitable reference 
genes to examine changes in target genes. However, elongation factor and β-actin were 
found to be among the top candidate reference genes for qPCR experiments in Atlantic 
salmon  during smolting (Olsvik et al.  2005). Curently, limited studies exist  on the 
expression  dynamics for the  gil  NKA α1 isoforms and for gil GHR and  PrlR in 
salmonids. In Atlantic salmon gil tissue, change in protein abundance and localization of 
the  NKA α1 isoforms  during smolting are consistent  with increased seawater tolerance 
(McCormick et al.  2013). It  would  be  useful for future  work to continue to examine 
expression of these branchial genes during smolting as wel as to explore the relationship 
between expression and abundance of protein in coho salmon. Experimentation on other 
salmonid species and populations is waranted to increase our understanding of branchial 
gene expression  dynamics, their roles in smolting, and any species  or  population 
diferences that may exist. 
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APPENDIX I 
Mean reference gene threshold cycle (Ct) values for Chehalis and Salmon River coho 
salmon (Oncorhynchus kisutch) in Chapter One qPCR analysis. Blue indicates cold (8 °C) 
treatment and red indicates mid (12 °C) treatment. Significant differences are not 
displayed. 
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APPENDIX I CONTINUED 
Mean reference gene threshold cycle (Ct) values for Chiliwack and Salmon River coho 
salmon (Oncorhynchus kisutch) in  Chapter  Two  qPCR analysis. Significant  diferences 
not displayed. Points are mean ± SE. 
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APPENDIX I 
Representative sample of the temperature preference traces to ilustrate paterns evident 
in shutling  behaviour of Chiliwack  River and  Salmon  River coho salmon 
(Oncorhynchus kisutch) juveniles.  Doted  blue line indicates the  median temperature 
during the trial. 
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APPENDIX II 
Shutlebox temperature preference system; A) Shutlebox tank; B) Shutlebox bufer tank 
and temperature control pumps; C) Shutlebox instruments, devices and connections (Al 
diagrams from Loligo Systems, Tjele, Denmark).  
A)  
 
B) 
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C) 
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APPENDIX IV 
Example  of  physical appearance change  of coho salmon (Oncorhynchus kisutch) 
throughout experiment one (a-d) and experiment two (e-h). a, c) Chehalis River fish. b, d) 
Salmon River fish. e, g) Chiliwack River fish. f, g) Salmon River fish. 
a)  b)  
c)  d)  
e)  f)  
g)  h)  
